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ABSTRACT 
This dissertation describes the immunohistochemical localization of galanin (GAL), 
neuropeptide Y (NPY) and luteinizing hormone-releasing hormone (LHRH) in the brain of 
the male Meishan pig throughout prepubertal development. 
The first stody details the prepubertal ontogeny of NPY in the male Meishan pig 
brain. Neuropeptide Y-like immxmoreactivity (NPY-ER.) was seen in cell bodies and fibers 
throughout the brain in all ages stodied firom gestational day (g)30 through postoatal day 
(pn)50. Cell bodies containing NPY-IR generally increase in nmnber and distribution in the 
brain prenatally, but decline in the early postnatal period, especially in the arcuate nucleus 
of the hypothalamus. This may indicate a fimctional maturation of food intake control 
pathways. The distribution of NPY-IR in fibers becomes more widespread throughout 
gestational development, showing a pattern by gllO that was characteristic of postnatal ages. 
The second study describes the prepubertal ontogeny of galanin-like immunoreactivity 
(GAL-IR). Galanin-IR in cell bodies and fibers was evident in the brain at all ages, 
especially in the hypothalamus. Throughout prenatal development cell bodies and fibers 
containing GAL-IR generally increased in number and distribution in the brain showing a 
pattern by pnl that was consistent through postnatal ages. 
The third smdy investigated the prq)ubertal ontogeny of luteinizing hormone-releasing 
hormone-like immimoreactivity (IJEIRH-IR) in the telencephalon and diencephalon. 
Luteinizing hormone-releasing hormone-ER in cell bodies and fibers was detected at g30 
entering the brain along the terminal nerve and in the basal telencephalon. The number of 
immunoreactive cells increased and immunoreactive fibers were present in the median 
eminence at g50. Further increases were seen at g70 and g90, but changed little postnatally. 
These results confirm the olfactory origin of LHRH cells in the pig and suggest a breed 
difference in the ontogeny of reproductive control systems in the pig. 
Together these smdies detail the development of these peptides and support their 
respective roles in the control of growth and reproduction in the Meishan pig, a Chinese 
breed known for its superior reproductive characteristics but slow growth and obesity. 
1 
GENERAL INTRODUCTION 
Literature review 
The Meishau pig was brought to the United States from mainland China in 1989, and 
has been smdied primarily for its superior reproductive capabilities including precocial 
puberty and increased litter size (Harayama et al., 1991; Lunstra et al., 1992; Anderson et 
al., 1993; Ford and Youngs, 1993; Haley and Lee, 1993; Youngs et al., 1993, 1994; 
Dlamini et al., 1995). The Meishan is also characterized by slow growth rate, low feed 
efficiency and abundant adipose tissue compared with traditional American and European 
breeds (Hays, 1980; Legault, 1985). 
The developing pig undergoes gonadal differentiation at gestational day (g) 26 
(Pellinemi, 1975), can be sexed by inspection of the external genitalia at g36 (Marrable, 
1971) and sexual differentiation of hypothalamic control of LH release is thought to occur 
between g30 and g74 (Elsaesser and Parvizi, 1979). A period of elevated serum testosterone 
levels in the male fetus occurs between g35 and g40 (Ford et al., 1980). Cells containing 
LH first appear in the porcine pimitary at g40 (Dacheux, 1984) or g45 (Danchin and Dubois, 
1982) with the first FSH-containing cells appearing at g45 (Dacheux, 1984) or g60 (Danchin 
and Dubois, 1982). These studies indicate that the gonadotropic cells reach adult levels and 
appearance by g80 (Danchin and Dubois, 1982) or g90 (Dacheux, 1984). Differentiation of 
the capillary loops in the median eminence is not complete until after g60 (Danchin and 
Dubois, 1982), and the fetal pig pituitary will secrete LH in response to electrical or 
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electrochemical stimulation of the hypothalamus at gSO, but not g60. In addition, the basal 
plasma LH levels double between g60 and g80 (Bruhn et al., 1983), suggesting that the 
relationship of the hypothalamus and pituitary is not complete in the pig imtil g70. The 
duration of gestation is approximately 114 days. Serum LH levels are 5- to 6-fold higher 
in the Meishan boar as compared to domestic breeds and peak at 3 weeks of age, decreasing 
until puberty in both Meishan and domestic breeds (Anderson, 1983; Lunstra et al., 1992). 
The Meishan boar also has greater serum concentrations of both testosterone and FSH as 
compared to domestic boars (Lunstra et al., 1992). Noted for precocious puberty, the male 
Meishan undergoes puberty at approximately postnatal day (pn) 75, producing viable sperm 
as early as pnl20. American and European breeds of pigs enter puberty at about pnl25 and 
produce viable sperm by pnl50-180 (Haryama et al., 1991). Thus, the Meishan pig may be 
an appropriate model for the study of biological phenomena such as obesi^ , control of 
gonadotropic function and pubertal onset. 
Neuropeptide Y 
Neuropeptide Y (NPY) is a 36 amino acid amidated peptide originally isolated from 
porcine brain (Tatemoto et al., 1982). Neuropeptide Y is a member of the pancreatic 
polypeptide (PP) family and shows homology to both PP and peptide YY (Tatemoto et al., 
1982). Neuropeptide Y has been implicated in a number of biological processes, including 
circadian rhythm entrainment (Albers and Ferris, 1984), somatotropic and gonadotropic axis 
control (Kalra and Crowley, 1984; McDonald et al., 1985; Rettori et al., 1990; Kalra and 
Crowley, 1992; Catzeflis et al., 1993), puberty onset (Sutton et al., 1988; Minami et al., 
1990; Minami et al, 1992; Fraley and Kuenzel, 1993; Gruaz et al., 1993), inhibition of 
3 
sexual behavior (Clark et al., 1985; Poggioli et al., 1990) and control of food intake (Clark 
et al., 1984; Levine and Morley, 1984; Stanley and Leibowitz, 1984). Neuropeptide Y has 
a widespread distribution in the central nervous system (CNS) and peripheral nervous system 
(PNS) of a variety of species, including the ground squirrel (Reuss et al., 1990), golden 
hamster (Sabatino et al., 1987), rat (Allen et al., 1983; Chronwall et al., 1985; DeCJuidt and 
Emson, 1986), cat (Hu et al., 1987), pig (Busch-Sorensen, et al., 1989), squirrel monkey 
(Smith et al., 1985) and human (Adrian et al., 1983; Pelletier et al., 1984). In the rat CNS, 
the highest concentrations of NPY are found in the hypothalamus, pituitary, and pineal 
gland. Moderate concentrations are found in the olfactory bulb, septum, striatum, thalamus, 
and pons (Chronwall et al., 1985). The distribution of NPY in the pig CNS as described by 
radioimmunoassay (RIA), follows closely that described in rat (Busch-Sorensen et al., 1989). 
Binding sites for NPY exist in the CNS as well, and these have been described for the rat 
(Martel et al., 1986; Dumont et al., 1993) and pig (Busch-Sorensen et al., 1989). 
Neuropeptide Y binding is present in several brain regions, including high levels of binding 
in the hippocampus, septum, thalamus, cortex, and area postrema. Moderate levels of 
bindmg are seen in the paraventricular nucleus of the hypothalamus (PVN) and 
premammillary nuclei, and low levels of binding are observed in other hypothalamic nuclei 
(Martel et al., 1986). 
Intracerebroventricular (ICV; Clark et al., 1984), as well as intrahypothalamic 
(Stanley and Leibowitz, 1984), injection of NPY has been shown to increase food intake in 
the rat. Neuropeptide Y injection preferentially increases carbohydrate intake in the rat, with 
a slight inhibition of protein intake (reviewed in Leibowitz, 1992). Neuropeptide Y 
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administered by ICV injection increases food intake in pigs as well (Parrott et al., 1986). 
Neuropeptide Y and NPY binding sites are present in the rat PVN and the perifomical 
hypothalanms (Martel et al., 1986), where intrahypothalamic injection is most effective 
(Stanley et al., 1993). Additionally, injection of anti-NPY antibodies into the PVN decreases 
food intake in rats (Shibasaki et al., 1993). Innervation of the PVN by NPY fibers comes 
primarily from the hypothalamic arcuate nucleus (ARC) (Bai et al., 1985), but also includes 
NPYergic and catecholaminergic projections from brainstem sites (A6 and Al cell groups; 
Sahu et al., 1988; reviewed in Leibowitz, 1989). Overexpression of NPY in the arcuato-
paraventricular system has been linked to the hyperphagia and obesity seen in the Zucker 
fatty rat (Sanacora et al., 1990, Schwartz et al., 1991; Beck et al., 1993), Wistar fatty rat 
(Abe et al., 1991) and obese mouse (Wilding et al, 1993). 
Neuropeptide Y exerts a negative influence on growth hormone (GH) secretion, as 
well. Plasma GH levels were decreased in rats by ICV injection of NPY (McDonald et al., 
1985), while chronic infusion of NPY caused reduction of pituitary GH content in intact rats 
(Catzeflis et al., 1993). In addition, NPY axons synapse on somatostatin neurons in the 
anterior periventricular hypothalamus (Hisano et al., 1990), and NPY causes release of 
somatostatin from median eminence (ME) fragments in vitro (Rettori et al., 1990). 
Galanin 
Galanin is a 29 amino acid amidated peptide originally isolated from porcine intestinal 
extracts (Tatemoto et al., 1983). Since its discovery, mmierous fimctions have been ascribed 
to GAL, including stimulation of GH secretion (Ottlecz et al., 1986; Murakami et al., 1990) 
and stimulation of food intake behavior (Kyrkouli et al., 1986, 1990). Galanin has been 
5 
localized in both the CNS and PNS of a variety of species including the rat (Rokaeus et al., 
1984; Ch'ng et al., 1985; Skofitsch and Jacobowitz, 1985; Melander et al., 1986b; 
Michener, et al., 1990), pig (Ch'ng et al., 1985; Michener, et al. 1990), Brazilian opossum 
(Elmquist et al., 1992), and human (Michener et al., 1990). In the rat CNS, GAL has a 
wide distribution, and is present in high concentration in the hypothalamus, limbic system, 
nucleus of the solitary tract, locus coeruleus (LC), and pituitary (Ch'ng et al., 1985; 
Skofitsch and Jacobowitz, 1985; Michener et al., 1990) Galanin binding sites are widespread 
in the rat CNS as well, including the cortex, thalamus, hypothalamus, limbic system, 
hindbrain, and spinal cord (Skofitsch et al., 1986). Galanin and GAL message-associated 
peptide immimoreactivity has been reported in the porcine CNS (Ch'ng et al., 1985; 
Bretherton-Watt, 1990), and parallels the distribution seen in the rat. 
Galanin cell bodies are localized in the PVN, and GAL fibers arising from A6 
catecholaminergic cells in the LC and Al catecholaminergic cells in the medulla innervate 
the PVN in the rat (Melander et al., 1986c). Galanin binding sites are located in the PVN 
(Melander et al., 1986a). Galanin ifljected into the PVN, but not into other hypothalamic 
areas, stimulates food intake in satiated rats (Kyrkouli, et al. 1986, 1990). Galanin 
administration into the PVN preferentially increases fat intake (Tempel et al., 1988) and 
GAL levels can be correlated to spontaneous fat intake and increased body weight (reviewed 
in Leibowitz, 1992). Sites in the ventromedial hypothalamus and lateral hypothalamus may 
be involved in GAL stimulation of food intake in fasted or free-feeding rats as well (Schick 
et al. 1993). 
In addition to its role in control of food intake, GAL is also involved in the control 
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of GH secretion (Hulting et al., 1991). Galanin administration, either centrally or 
peripherally, increases plasma GH levels in the rat, presumably through stimulating GHRH 
(Murakami et al., 1989). Galanin fibers innervate SS neurons in the hypothalamic 
periventricular nucleus of the rat hypothalamus (Liposits et al., 1993) as well, and thus may 
further modulate GH secretion through SS. 
Luteinizing hormone-releasing hormone 
Luteinizing hormone-releasing hormone (LHRH), also called gonadotropin releasing 
hormone, is a decapeptide originally isolated from porcine tissue (Matsuo et al., 1971). 
Luteinizing hormone-releasing hormone is secreted from the brain at the median eminence 
and via the hypothalamo-hypophyseal portal blood causes the release of both luteinizing 
hormone (LJI) and follicle-stimulating hormone (FSH) from the anterior pituitary gland 
(reviewed in Kalra, 1993; Jemies and Conn, 1994). The secretion of LHRH is controUed 
by a number of factors including circulating steroid levels and the neuropeptides GAL and 
NPY (Kalra and Crowley, 1984; Rodriguez-Sierra et al., 1987; Sahu et al., 1987; Kineman 
et al., 1988; Ottlecz et al., 1988; Lopez and Negro-Vilar, 1990; Lopez et al., 1991; BCalra, 
1993; Lopez et al., 1993; Xu et al., 1993; Sahu et al., 1994). Luteinizing hormone-
releasing hormone is also involved in the regulation of reproductive behaviors such as 
lordosis (Moss and McCann, 1973; Pfaff, 1973). 
The immunohistochemical distribution and development of the LHRH system in the 
brain has been investigated in a number of species including the chick (Sullivan and 
Silverman, 1993), Brazilian opossum (Schwanzel-Fukuda et al., 1988), rat (Joseph et al., 
1981; Shivers etal., 1983; Merchenthaler et al., 1984; Schwanzel-Fukuda, 1985; Silverman 
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et al., 1987; Jennes, 1989; Merchenthaler et al., 1990; Merchenthaler et al., 1991; 
Merchenlhaler et al., 1993; Jennes and Conn, 1994), hamster (Jennes and Stumpf, 1980; 
Buchanan etal., 1993), mouse (Gross and Baker, 1977; Schwanzel-Fukuda and Pfaff, 1989); 
guinea pig (Silverman, 1976; Schwanzel-Fukuda et al., 1981), sheep (Caldani et al., 1988), 
pig (Danchin and Dubois, 1982; Polkowska et al., 1985; Meijer et al., 1986; Kineman et al., 
1988; Kumar etal., 1991; Leshinetal., 1991; Calkaetal., 1993), macaque (Ronnekleiv and 
Resko, 1990) and human (Barry, 1976). In rodents, LHRH neurons are bom early in 
gestation in the olfactory epithelium and migrate into the brain via the terminal nerve. These 
cells then disperse to locations in the septum, diagonal band, organum vasculosum of the 
lamina terminalis (OVLT), preoptic area and hypothalamus (Gross and Baker, 1977; 
Schwanzel-Fukuda etal., 1981; Merchenthaler etal., 1984; Schwanzel-Fukuda etal., 1985; 
Jennes, 1989; Schwanzel-Fukuda and Pfaff, 1989; Merchenthaler et al., 1993; Jennes and 
Conn, 1994). Previous studies have shown that 50% or more of all LHRH-immunoreactive 
cells project to the median eminence (Silverman, 1987; Merchenthaler et al., 1990), where 
LHRH can be secreted into the portal system to affect anterior pituitary secretion. 
Regulation of gonadotropic hormone secretion by NPY, GAL and LHRH 
As mentioned, NPY is involved in the control of gonadotropic functions. In castrated 
animals, NPY inhibits LH secretion, but in ovariectomized (ovx) steroid-primed animals, 
NPY stimulates LH secretion (Sahu et al., 1987). Blockade of NPY with centrally 
administrated anti-NPY abolished the proestrus LH surge in ovx, primed rats (Wehrenberg 
et al., 1989), while chronic central administration of NPY inhibited the gonadotropic axis 
in intact rats, including suppression of ovulation (Catzeflis et al., 1993). Neuropeptide Y 
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is stimulatory to LHRH secretion (Crowley and Kalra, 1987) and is thought to be a regulator 
of the preovulatory LHRH surge in the female rat (reviewed in Kalra and Crowley, 1992) 
and modulate pituitary responsiveness to LHRH (Parker et al., 1991). Neuropeptide Y-
containing axons may also contact LHRH neurons in the septum-preoptic area and exert an 
influence on LHRH secretion at that level as well (Tsuruo et al., 1990) 
Galanin also modulates reproductive fimction in the mammalian brain. Galanin is 
stimulatory to LH secretion (Sahu et al., 1987; Sahu et al., 1994) in female rats and LHRH 
secretion from in vitro preparations of ARC-ME fragments in the male rat (Lopez and 
Negro-Vilar, 1990). Previous smdies showed no effect of GAL on plasma LH levels in the 
male rat, however, one smdy utilized porcine GAL instead of rat GAL (Ottlecz et al., 1988), 
and the other stody did not specify which synthetic GAL peptide was used (Melander et al., 
1987). Galanin is co-localized with LHRH in the OVLT and diagonal band of Broca in the 
rat (Merchenthaler et al., 1990). This co-localization is sexually dimorphic, with a higher 
rate of co-localization in females (65% vs. 20% in males; Merchenthaler et al., 1991). 
Galanin is thought to be co-released with LHRH (Lopez et al., 1991) and potentiate LH 
release from the pituitary (reviewed in BCaka, 1993). The roles that GAL and NPY play in 
relation to LHRH in the preovulatory LH surge in the female rat have been studied 
extensively, but are yet unclear. The role of these peptides in the control of gonadotropic 
hormone secretion in the male have yet to be elucidated. 
Neuropeptide Y is also involved in the regulation of pubertal onset. Single injections 
of NPY can cause precocial puberty in the rat (Minami et al., 1992) and chick (Fraley and 
Kuenzel, 1993), whereas prolonged ICV infusion of NPY delays pubertal onset (Gruaz et 
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al., 1993). Neuropeptide Y levels increased until puberty in the female rat (Sutton et al., 
1988). Galanin content in LHRH neurons increases at puberty as well (Rossmanith, et al., 
1994). As mentioned previously, NPY axons innervate LHRH neurons in the rat (Tsuruo, 
1990) suggesting that the interaction between these three peptides may play a role in pubertal 
onset, along with the regulation of gonadotropic hormone secretion. 
Dissertation oi^anization 
The present dissertation consists of three papers, of which the first two have been 
accepted for publication in Developmental Brain Research (1995). The third paper has also 
been submitted to Developmental Brain Research for publication. The papers are preceded 
by a general introduction and followed by a composite summary and general discussion. The 
literature cited in the general introduction and general discussion is listed after the general 
discussion section. All of the experimental and research work presented in this dissertation 
was carried out by myself in the laboratory and under the guidance of Dr. Carol D. 
Jacobson. 
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CHAPTER 1. THE PREPUBERTAL ONTOGENY OF 
NEUROPEPTIDE Y-UKE IMMUNOREACTIVITY 
IN THE MALE MEISHAN PIG BRAIN 
A paper accepted for publication in Developmental Brain Research (1995) 
Paul L. Pearson, Lloyd L. Anderson, and Carol D. Jacobson 
SUMMARY 
Neuropeptide Y (NPY) is widely distributed in the mammalian brain and is involved 
in numerous fimctions including the control of feeding, growth and reproduction. Therefore, 
NPY may be an important peptide to study in agricultural species. This study describes the 
immunohistochemical localization of NPY throughout prepubertal development in the 
Meishan pig, a Chinese breed known for its superior reproductive characteristics. 
Brains of animals from gestational day (g) 30 through postnatal day (pn) 50 (duration 
of pregnancy averaged 114 days) were processed using a standard immimohistochemical 
technique utilizing a commercially available rabbit anti-porcine NPY antibody. Neuropeptide 
Y-like immunoreactivity (NPY-IR) in cell bodies and fibers is evident in many areas of the 
brain at g30, including the basal telencephalon, hypothalamus, mesencephalon, pons, and 
medulla. Throughout prenatal development, cell bodies containing NPY-IR generally 
increase in number and distribution in the brain. During postnatal development, the number 
of cell bodies displaying NPY-IR decreases. The arcuate nucleus of the hypothalamus, 
shows a dramatic reduction in the number of immimoreactive cell bodies between pnl (day 
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of birth) and pn20, just before weaning. The distribution of NPY-IR in fibers becomes more 
widespread throughout gestational development, showing a pattern by gllO that was 
characteristic of postnatal ages. The intensity of NPY-IR in fibers also increases throughout 
gestation. Some additional increases in immunoreactivity occur postnatally, especially in the 
periventricular hypothalamus and the hippocampus. Other brain areas like the caudate 
nucleus and putamen show decreases in immunoreactivity postnatally. The distribution of 
NPY-IR in cell bodies and fibers is similar to that seen in other species, including the rat, 
and supports the hypothesis that NPY participates in controlling feeding, growth and 
reproduction in the pig. 
INTRODUCTION 
Neuropeptide Y (NPY) is a 36 amino acid amidated peptide originally isolated from 
porcine brain [81]. Neuropeptide Y is a member of the pancreatic polypeptide (PP) family 
and shows homology to both PP and peptide YY [81]. Neuropeptide Y has been implicated 
in a number of biological processes, including circadian rhythm entrainment [3], 
somatotropic and gonadotropic axis control [16,42,43,52,64], puberty onset 
[32,33,54,55,79], inhibition of sexual behavior [22,63] and control of food intake 
[21,49,77]. Neuropeptide Y has a widespread distribution in the central nervous system 
(CNS) of a variety of species, including the platyfish [17], ground squirrel [65], rat 
[5,19,24], cat [40], pig [14], squirrel monkey [76] and himian [2,61]. The ontogeny of 
NPY-containing systems has been smdied extensively in the rat [4,31,41,88]. However, 
developmental studies of NPY in the brain in other species include only the platyfish [17], 
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human hippocampus [50] and visual system of the cat [37,84] and pigeon [9]. 
In the rat, the highest concentrations of NPY are found in the hypothalamus, pituitary 
and pineal glands. Moderate concentrations are found in the olfactory bulb, septum, 
striatum, fhalanniis and pons [19]. The distribution of NPY in the pig CNS as determined 
by radioimmunoassay (RIA) [14], follows closely to that described in the rat. Despite being 
originally isolated from porcine brain tissue [81], smdies examining the 
immunohistochemical localization of NPY in the porcine brain have been limited to the 
hippocampus [39] and organum vasculosum of the lamina tenninalis [15], 
Intracerebroventricular (ICV) [21,49], as well as intrahypothalamic [77,78] injection 
of NPY has been shown to increase food intake in the rat. Neuropeptide Y injection 
preferentially increases carbohydrate intake in the rat, with a slight inhibition of protein 
intake [reviewed in 47]. Neuropeptide Y administered by ICV injection also increases food 
intake in pigs [57]. Overexpression of NPY in the arcuato-paraventricular system has been 
linked to the hyperphagia and obesity seen in the Zucker fatty rat [11,70,73], Wistar fatty 
rat [1] and obese mouse [87]. 
The Meishan pig was brought to the United States from mainland China in 1989, and 
has been stodied primarily for its superior reproductive capabilities [7,30,34,89,90]. The 
pig undergoes gonadal differentiation at gestational day (g) 26 [62], can be sexed by 
inspection of the external genitalia at g36 [51] and sexual differentiation of luteinizing 
hormone (LH) release control is thought to occur between g30 and g74 [28]. Pigs are bom 
after a gestational period of approximately 114 days. Noted for precocial puberty, the male 
Meishan imdergoes puberty at approximately postnatal day (pn) 75, producing viable sperm 
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as early as piil20 [35]. Due to the variety of functions that NPY has related to the control 
of growth and reproduction, it may be an important peptide to stody in agricultural species. 
Thus, we have studied the immunohistochemical locali2ation of NPY throughout prepubertal 
development in the Meishan pig. 
MATERIALS AND METHODS 
Animals 
Purebred Meishan pigs were obtained from the breeding population maintained at the 
Iowa State University Animal Reproduction Farm. The animals and procedures used were 
in accordance with the guidelines and approval of the Iowa State University committee on 
animal care. Boars were allowed access only to sows in estrus and the date of breeding was 
designated as gO. The day of birth was designated as pnl. At least four intact male animals 
from at least two different litters were used at each time point in this stody (gSO, g50, g70, 
g90, gllO, pnl, pnlO, pn20, and pnSO). At g30, the gender of the animals could not be 
determined by external visual inspection, and were thus considered sexually undifferentiated. 
Pigs euthanized at pn50 in this stody were weaned at pn21 and given ad libitum access to 
a standard com/soybean diet imtil the date of termination. 
Tissue preparation 
Prenatal animals were obtained by rapid electrocution and exsanguination of the sow, 
followed by removal of the fetuses from the gravid uterus. At g30, fetal heads were 
removed and post-fixed 48 hours in 4% paraformaldehyde (pf). At g50, fetuses were 
perfused transcardially with ice-cold 4% pf, the heads removed, the brain exposed, and 
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postfixed 48 hours in 4% pf. At g70-110, the fetuses were perfused transcardially with 
0.9% NaCl followed by ice-cold 4% pf, the brains removed and postfixed 24-48 hours in 
4% pf. At all postnatal ages, animak were euthanized with a lethal intraperitoneal injection 
of sodium pentobarbital, perfused transcardially with 0.9% NaCl followed by ice-cold 4% 
pf. Brains were removed, blocked, and post-fixed 24-48 hours in 4% pf. 
Following post-fixation, all brains were sunk in 30% sucrose at 4°C and sectioned on 
a cryostat (Reichert-Jung). For g30-g70, brains were cut at 20 fim. and thaw-mounted onto 
poly-L-lysine coated slides, dried overnight at 35°C, and stored at 4°C until processed for 
immimohistochemistry. At all other ages, brains were cut at 45/xm into wells containing 
cryoprotectant solution [86], and stored at -20''C until processed for immunohistochemistry. 
At aU ages, brains were sectioned in the coronal plane. At g30, additional heads were 
sectioned in the horizontal or sagittal planes. Brains of gSO and older animals were sectioned 
from the genu of the corpus callosum (rostral) to the spinomeduUary junction (caudal). In 
g90 and older animals the cerebellum was removed prior to sectioning and was not 
processed. 
Immunohistochemistry 
The protocol utilized for immunohistochemistry was a modification of that reported 
previously from our laboratory for the Brazilian opossum brain [26,60]. Tissue mounted on 
slides was washed with 50 mM potassiiun phosphate buffered NaCl (KPBS), incubated with 
0.3% H2O2 to remove endogenous peroxidase activity, exposed to 5% nonfat dry powdered 
milk (milk) and 0.4% Triton X-100 (Sigma) as a blocking agent, then incubated in rabbit 
anti-porcine NPY (Incstar; 1:5000) for 20 hours at room temperature in a humidified 
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chamber. Following adequate washing, the tissue sections were incubated in goat anti-rabbit 
IgG (Kiricegaard & Perry Laboratories; 2/ig/ml) in diluent (KPBS containing 5% milk and 
0.25% Triton X-100) for 2 hours at room temperature, rinsed, and reacted with streptavidin-
peroxidase (Kirkegaard & Perry Laboratories; 2/ig/ml) in diluent for 1 hour at room 
temperature. After washing, the sections were stained by reacting them with 0.04% 3,3'-
diaminobenzidine solution (Sigma), 2.5% nickel sulfate (Sigma), and 0.01% H2O2, dissolved 
in .IM sodiimi acetate. After staining for 7-12 minutes, the reaction was terminated by r^o 
consecutive rinses in 0.9% NaCl. Sections were counterstained with neutral red (Fisher 
Scientific) and then dehydrated in graded alcohols, cleared in xylene, coverslipped with 
Permount (Fisher Scientific) mounting media, and analyzed with a light microscope. 
Tissue cut into wells and stored in cryoprotectant was processed for 
immimohistochemistry by a free-floating tissue technique utilizing plastic weigh boats with 
screens, as previously described for adult opossum tissue [26]. In addition, the following 
modifications from the protocol above were made. Tissue sections were incubated in 1 % 
H2O2 to block endogenous peroxidase activity. Incubation in primary antibody solution was 
conducted at 4°C on an orbital shaker for 20 hours. Incubations in secondary antibody 
solution and streptavidin-peroxidase were also conducted on an orbital shaker. Following 
staining, tissue sections were mounted onto gelatin-coated slides, air-dried overnight, then 
counterstained and processed as above. 
Section Intervals 
Due to the size difference during brain development, brains were sectioned and 
collected in sets. The number of sets and approximate interval of sections processed for 
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immunohistochemistry for each age is listed in Table 1. One set of sections for each brain 
was processed for every animal at every age. In addition, a second set was processed for 
two brains at g90. 
Controls 
Negative controls were included in each run, which consisted of omission of the 
primary antiserum from the diluent. No staining was observed in any negative control 
section (not shown). Preabsorption controls were conducted and consisted of incubation of 
the primaiy antiserum with 15^M porcine NPY (Peninsula) for 20 hours prior to use. All 
staining in a gllO brain was abolished by this procedure (not shown). Incubation of ±e 
primary antiserum with 5/ig/ml recombinant protein A (Calbiochem-Novabiochem 
Corporation) prior to immunohistochemical staining was conducted as a proposed control for 
nonspecific staining of magnocellular neurons [82]. This procedure failed to block 
immunohistochemical staining of cell bodies in the gllO brain (not shown). 
Analysis of Tissue 
Sections were examined with the light microscope and brain regions containing NPY-
IR were identified. Structures in the brain during early development were compared to 
atlases of developing mouse brain [72] and rat brain [59]. Structures in other ages were 
compared to the rat atlas [58], cat atlas [12] and previous descriptions of the pig brain 
[69,80]. Use of neuroanatomical terminology and abbreviations followed Paxinos et al. [59] 
for g30 and g50 brains and Paxinos and Watson [58] for older animals, except in cases 
where subnuclear groups or areas defined in the rat could not be identified from 
counterstained tissue of the pig brain. Nuclear groups which could not be defined by cellular 
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characteristics or by location due to absence of landmarks during development were denoted 
as 'presumptive' nuclei. Abbreviations of nuclear groups contained in tables and figures are 
contained in Table 2. The number of cell bodies displaying immunoreactivity was described 
as few (less than 10) or numerous (more than 10) cell bodies in a brain area or nucleus in 
the processed sections. Immunoreactivi^  not contained in cell bodies was subjectively 
classified as a low, medium or high densiQr of immunoreactivity in an area or nucleus as 
shown in Figure 1. Although immunoreactivity not contained in cell bodies may include 
nerve fibers or terminals, these cannot be readily distinguished in all cases, especially in 
coronal sections where fibers may be running perpendicular to the plane of section. Thus, 
immunoreactivity outside of cell bodies was described as 'fibers' in all cases, imless 
specifically noted. 
RESULTS 
General observations 
At g30, the Meishan pig brain has differentiated to the five vesicle stage, the 
midbrain is large and flexed and the cerebellar swelling is detectable as in the domestic pig 
[51]. At this age, the Meishan pig brain is similar in shape and complexity to that of an 
embryonic day (E) 14 rat brain [59]. At g50, the cortical surfaces are still smooth, but the 
cerebrum has enlarged considerably. Mature cortical laminae are not yet distinguishable, 
but the developing cortical layers are similar to that seen in the E19 rat. The overall 
development and shape of the g50 pig brain is very similar to that of the E19 rat [59]. At 
g70, the cerebral cortex is corrugated and the six cortical laminae can be distinguished. The 
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pig brain has assumed a more mature proportion by this stage in developmem [51]. By g90, 
the overall shape and proportion of the brain and the convolution of the cortex resembled 
that of the older animals in this smdy. However, brain tissue taken from g90 pigs was 
fragile in comparison to that of older animals. Brains from ages gll0-pn50 difrered 
apparently only in relative size. 
Immunoreactivity for NPY in cell bodies and fibers was detected at every age studied. 
The number of cell bodies displaying NPY-IR, as well as the number of brain areas 
containing immimoreactive cell bodies generally increased throughout prenatal development, 
while the nimo^ber of cell bodies and the nimiber of brain areas containing immimoreactive 
cell bodies decreased postnatally. The intensity of NPY-IR (in fibers) in the brain, as well 
as the number of brain areas containing immunoreactivity generally increased during prenatal 
development, with some increases in immunoreactivi^  postnatally. Several brain areas 
showed a decrease in immunoreactivity postnatally. 
Neuropeptide Y-like immunoreactivity in cell bodies 
The localization of NPY-IR detected in cell bodies is shown for all ages studied in 
Table 3. The following descriptions detail changes in localization or relative numbers of 
immunoreactive cell bodies between ages studied. 
g30 
Immimoreactive cell bodies were present in several areas of the developing brain at 
this age. Numerous labelled cells were seen in the lateral basal telencephalon (Fig. 2A), 
bordering the internal capsule in the forming diencephalon (Fig. 2B), the intermediate zone 
of the forming anterior hypothalamus (Fig. 2C), the presumptive nuclei of the lateral 
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lemniscus (Fig. 3B), the ventrolateral medulla (presumptive Al/Cl cells; Fig 3C), and the 
dorsal medulla in the presumptive spinal trigeminal nucleus (Fig. 3D). Few labelled cells 
were seen in the forming frontal and parietal cortex, the internal zone of the forming tectum, 
and the lateral pons in the presumptive trigeminal nucleus. 
gSO 
Numerous immunoreactive cell bodies were present in the gSO brain, in the 
presumptive olfactory tobercle (Fig. 4A) and piriform cortex, induseum griseum, arcuate 
nucleus (Fig. 11 A), nucleus of the optic tract, inferior coUiculus, the presumptive medial 
cerebellar nucleus, the presumptive Al/Cl cell group in the ventrolateral medulla, the 
intermediate reticular formation, the dorsal motor nucleus of the vagus, and the caudal spinal 
trigeminal nucleus. Numerous ceil bodies were also observed in the dorsal metencephalon, 
just lateral and ventral to the mesencephalic trigeminal nucleus. It is presumed that this is 
the developing locus coeruleus (Fig. 14A), although some of these cells may also be 
localized to the presumptive medial parabrachial nucleus or subcoeruleus. Few labelled cell 
bodies were observed in the intermediate layer of the cortex, caudate nucleus, putamen, 
anterior hypothalamus, internal zone of the rostral median eminence, principal sensory 
trigeminal nucleus, and in the presumptive A5 cell group of the ventrolateral pons. 
At g70, there was an increase in the number of immunoreactive cell bodies present 
as well as a more widespread distribution in the pig brain. A greater number of cell bodies 
was observed in the lateral forebrain (surrounding the olfactory mbercle; Fig. 4B), within 
the piriform cortex, throughout the caudate nucleus and putamen, throughout the cerebral 
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cortex (all cortical layers, primarily in layers FV, V, and VI; Fig. 6A), the inferior 
colliculus, A5 cell group (Fig. 5C), Al/Cl cell group, and in the intermediate reticular 
formation. Labelled cell bodies were seen for the first time in the dorsal lateral septum, 
nucleus accumbens, zona incerta, lateral and dorsolateral hypothalamus along the stria 
medullaris thalamus, anterior cortical amygdala, and hippocampus at g70. Labelled cells in 
the hippocampus were present in the polymorph layer of the dentate gyrus, stratum oriens 
and stratum lucidimi. In addition, a few immtmoreactive cells were seen in the hippocampal 
molecular layer and the pyramidal cell layer of field 3 of Ammon's cortex. No cell bodies 
were detect in the anterior hypothalamus at g70. A slight decrease in immunoreactive cell 
numbers was evident in the dorsal motor nucleus of the vagus (Fig. 15A) as compared with 
g50. 
g90 
Cell bodies displaying NPY-IR were more abundant in the g90 brain than that of the 
g70 brain, but showed a similar localization. Cell bodies showing NPY-IR were greater in 
number in rhinencephalic and telencephalic areas, including the olfactory tubercle, piriform 
cortex, throughout the cerebral cortex, caudate nucleus, putamen, septum, and the 
hippocampus (stratum oriens and pyramidal cell layer). An increase in cell numbers was 
observed in the lateral and dorsolateral hypothalamus along the stria medullaris thalamus, 
zona incerta, arcuate nucleus (Fig. IIC) and nucleus of the optic tract. Cell bodies were 
seen for the first time at g90 in the anterior commissure, anterior amygdaloid area, 
basolateral amygdaloid nucleus, basomedial amygdaloid nucleus, lateral amygdaloid nucleus, 
and bed nucleus of the stria terminalis. Less immunoreactive cell bodies were observed in 
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the locus coeruleus at g90 (Fig. 14C). Very few immunoreactive cell bodies were observed 
in the A5 cell group. 
gllO 
At gllO there is a slight increase in immunoreactive cell bodies in the bed nucleus 
of the stria terminalis and amygdala. A few immunoreactive cells were observed in the 
globus pallidus for the first time. A decrease in immunoreactive cell numbers was seen in 
the zona incerta and in the stratum oriens of the hippocampus. Fewer immunoreactive cell 
bodies were seen in the inferior colliculus and were primarily localized to the dorsal portion 
(Fig. 13B). Only a few weakly immunoreactive cells were present in the A5 cell group in 
the metencephalon or the intermediate reticular formation of the medulla. No 
immunoreactive cell bodies were seen in the polymorph layer of the dentate gyrus, the 
nucleus of the optic tract, locus coeruleus, principal nucleus of the trigeminal nerve, or the 
dorsal motor nucleus of the vagus. 
pnl 
At pnl, only a few immunoreactive cell bodies were present in the lateral 
hypothalamus and zona incerta. A few immunoreactive cells were present in the lateral 
hypothalamus along the stria medullaris thalamus and in the pyramidal cell layer of fields 
1 and 2 of Ammon's cortex. Only a few weakly immunoreactive cell bodies were observed 
in the inferior colliculus (Fig. 13C), and no cell bodies were detected in the A5 cell group. 
pnlO-pnSO 
In the arcuate nucleus, the number of immunoreactive cells was dramatically reduced 
at pnlO (Fig. 12B). Only a few immunoreactive cell bodies were detected at pn20 (Fig. 
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12C), and no cell bodies were ^parent in the pn50 arcuate (Fig. 12D). There was a 
decrease in the number of immunoreactive cell bodies in the olfactory tubercle, piriform 
cortex, nucleus accumbens, caudate nucleus, putamen, and septum at pn20. A lower density 
of immimoreactive cell bodies was seen postnatally in the cerebral cortex. It is not clear if 
this observation is due to an actual decline in the number of inununoreactive cell bodies or 
overall growth of the cortex. A few immunoreactive cell bodies were detected in the lateral 
hypothalamus along the stria medullaris thalamus at all postnatal ages. A few weakly 
immunoreactive cells were detected in the stratum oriens, stratum radiatum and pyramidal 
cell layer of the hippocampus at these postnatal ages. 
Neuropeptide Y-like immunoreactivity in fibers 
The localization and density of NPY-IR in fibers for all ages studied is shown in 
Table 4. The following description details differences or changes in immunoreactive staining 
between ages studied. 
g30 
Immunoreactive staining was seen in regions throughout the brain of the g30 embryo. 
A high density of NPY-IR was seen surrounding the forming internal capsule (Fig. 2B), 
nuclei of the lateral lemniscus (Fig. 3A), ventral mesencephalon at the mesencephalic flexure 
(Fig. 3B), ventral tegmental area, rostral pons, ventrolateral medulla (Fig. 3C), the 
presumptive dorsal motor nucleus of the vagus and the presumptive spinal trigeminal nucleus 
(Fig. 3D). A medium density of NPY-IR was seen in the basal telencephalon (Fig. 2A), 
anterior hypothalamus (Fig. 2C), overlying the forming optic chiasm, lateral hypothalamus 
(Fig. 2D), mammillary area, lateral lemniscus, the presumptive pontine and medullary 
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reticular formation, and in fibers parallel to the brain surface in the lateral pons, 
ventrolateral pons and medulla. A low density of immunoreactivity was seen in the frontal 
and parietal cortex, the forming tectum, and the principal nucleus of the trigeminal nerve. 
Immunoreactive fibers were observed to cross the midline in the mesencephalon in coronal 
and horizontal sections at g30 (Fig. 3B). Immunoreactivity could not be definitively 
described as being present in cell bodies or fibers in all cases in the g30 brain, especially in 
the presumptive nuclei of the lateral lenmiscus (Fig. 3A) and in the medulla (Fig. 3D). 
g50 
Rhinencephalon 
Mediimi to high densities of NPY-IR were present in fibers around the presumptive 
olfactory tobercle (Fig. 4A) and piriform cortex. A medixnn density of immunoreactivity 
was observed in the induseum griseum. 
Telencephalon 
A medium density of NPY-IR was seen in the intermediate cortical layer dorsal to 
the corpus callosum. A low density of immunoreactive fibers were present in the 
intermediate cortical layer throughout the cortex, anterior commissure, fornix, caudate 
nucleus, putamen, medial septum, diagonal band of Broca, bed nucleus of the stria 
terminalis, medial amygdala, anterior cortical amygdaloid nucleus, posterior cortical 
amygdaloid nucleus, and the fimbria of the hippocampus. 
Diencephalon 
Immunoreactivity for NPY in fibers was observed in mediimi to high dexisities in the 
arcuate nucleus (Fig. 11 A), and the lateral hypothalamus bordering the forming optic tract. 
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A low to medium density of NPY-IR was seen in the anterior hypothalamus, periventricular 
hypothalamus, presumptive paraventricular hypothalamic nucleus, dorsomedial hypothalamic 
nucleus, lateral hypothalamus, median eminence and ventral premammillary nucleus. A low 
density of NPY-IR was seen in the medial preoptic area, supraoptic nucleus, ventromedial 
hypothalamic nucleus, anterior medial thalamus, ventromedial thalamus, paraventricular 
thalamic area, medial habenula, mammillary nuclei, supramammillary nucleus, and posterior 
hypothalamus. 
Mesencephalon 
A mediiun density of NPY-IR was seen in the ventral tegmental area, dorsal raphe, 
and diffuse immunoreactive staining in the compact substantia nigra. A low to medium 
density of NPY-IR was seen in the interpeduncular nucleus, deep mesencephalic nucleus, the 
nuclei of the lateral lemniscus, central gray, and inferior colliculus. A low density of NPY-
IR was seen in the nucleus of the optic tract. 
Metencephalon 
A medium to high density of NPY-IR was seen in the dorsal metencephalon in the 
presumptive locus coeruleus (Fig. 14A). A low to mediirai density of NPY-IR was detected 
in the medial parabrachial nucleus, lateral parabrachial nucleus, A5 cell group, pontine raphe 
nucleus, pontine reticular formation, parvocellular reticular nucleus, raphe magnus, raphe 
pallidus, and the primary nucleus of the trigeminal nerve. 
Myelencephalon 
A mediima density of NPY-IR was seen in the dorsal motor nucleus of the vagus. 
A low to medium density of NPY-IR was detected in the caudal spinal trigeminal nucleus. 
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intermediate reticular formation and the presumptive Al/Cl cell group. A low density of 
NPY-IR was detected in the solitary nucleus, hypoglossal nucleus, and inferior olive. 
g70 
Rhinencephalon 
An increase in immunoreactivity is evident surrounding the olfactory tubercle (Fig. 
46) and in the piriform cortex at g70, as well as in the induseimi griseimi. A medium 
density of immunoreactivity was observed in the islands of Calleja at this age. 
Telencephalon 
An increase in immunoreactivity is evident in most telencephalic areas at this age. 
An increasing number of immunoreactive fibers was observed in all layers of the cortex at 
this age. A low density of fibers was seen in layers II and HI, with a medium density of 
fibers in layers I, IV, V, VI, (Fig. 6A) and in the cortical white matter. Radial fibers 
showing immunoreactivity were observed in the cortex at g70. The caudate nucleus and 
putamen showed an increased density of immimoreactive fibers at g70, with highest densities 
in the lateral putamen at rostral levels and in the caudal extent of the caudate. A few 
immunoreactive fibers invaded the globus pallidus at this age. An increase in 
immunoreactivity in the medial and lateral septal nuclei was evident at rostral levels. An 
increase in immimoreactivity was evident in the amygdala, as most amygdaloid nuclei had 
a medium density of fibers present. Immimoreactive fibers were present for the first time 
in the hippocampus at g70. A mediimi density of fibers was seen in the molecular layer 
continuous with layer I of the cortex. A low density of fibers was seen in the polymorph 
layer of the dentate gyrus, stratum oriens, stratum lucidum and stratum radiatum of 
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Amnion's cortex, and in the £unbria. 
Diencephalon 
An increase in density and extent of localization of NPY-IR in fibers was observed 
in the diencephalon at g70. Immunoreactive fibers were observed in most hypothalamic 
nuclei in increasing density. Immunoreactivity for NPY was observed in the highest density 
in the ventral arcuate nucleus (Fig. IIB). A mediimi to high density of NPY-IR was also 
present in the lateral hypothalamus bordering the optic tract (Fig. 5A). A medium density 
of NPY-IR, many in dorsal-ventral oriented fibers, was observed in the paraventricular 
nucleus of the hypothalamus (Fig. IOC). In addition, an increase in immimoreactivity was 
observed in the paraventricular thalamic area and midline thalanuc nuclei. A low density 
of NPY-IR was observed in thalamic nuclei just lateral to the midline. 
Mesencephalon 
An increase in immunoreactivity was also observed in the mesencephalon at g70. 
The ventral mesencephalon had a medium density of NPY-IR in most areas including the 
ventral tegmental area, interpeduncular nucleus, and diffuse immunoreactive staining in the 
compact substantia nigra (Fig. 5B). A few immunoreactive fibers were seen in the reticular 
substantia nigra. 
Metencephalon 
A slight increase in immunoreactivity was observed in the dorsal tegmental nucleus. 
An increase in immimoreactivity along the midline in the raphe pontis was also observed. 
A slight decrease in the intensity of immunoreactivity was observed in the presxmiptive locus 
coeruleus (Fig. 14B). 
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Myelerxephalon 
A low density of NPY-IR was observed in the hypoglossal nucleus. 
g90 
Rhinencephcdon 
An increase in inununoreactivity was seen in islands of Calleja and induseum 
griseum. 
Telencephalon 
Immunoreactive fibers were present in the entire cerebral cortex at g90. A high 
density of NPY-IR was seen in cortical layer I, a medium to high density in layers IV, V, 
VI and cortical white matter, and a medium density in layers n and m. All amygdaloid 
nuclei showed a medium density of immunoreactive fibers. An increase in immunoreactive 
density was observed in the hippocampus at g90. A high density of immunoreactive fibers 
was present in the molecular layer. A light to medium density of fibers was seen in the 
stratum radiatum. 
Diencephalon 
An increase in immunoreactive fibers was evident in the thalamus at g90. Fibers 
displaying NPY-IR were seen in low density in a number of medial and lateral thalamic 
nuclei. An increased density of NPY-IR was evident in the paraventricular thalamic area. 
An increase in immimoreactivity was also apparent in the organum vasculosum of the lamina 
terminalis and paraventricular hypothalamic nucleus at g90. Inununoreactivity in the 
paraventricular hypothalamic nucleus appeared primarily as varicose fibers and punctate 
immunoreactive staining (Fig. lOD). 
28 
Mesencephalon 
Fibers showing NPY-IR increased slightly in density in the central gray, retrorubral 
field, and ventral tegmental area. 
Metencephalon 
A medium density of immunoreactivity was observed medial to the facial motor 
nucleus. 
M^elencephalon 
An increase in NPY-IR was observed in the intermediate reticular formation, 
ventrolateral to the hypoglossal nucleus. 
gllO 
Rhinencephalon 
No differences were apparent between g90 and gllO. 
Telencephalon 
The density of fibers in cortical layers n and HI increased at gl 10 (Fig. 6B). A light 
to medium density of immunoreactivity was observed in the stratum lucidum of the 
hippocampus. A light density of immunoreactive fibers was also observed in the pyramidal 
cell layer of the hippocampus at gllO (Fig. 7A). 
Diencephalon 
A fiirther increase in immunoreactive staining in the thalamus was observed at gllO. 
A low density of fibers were present in most thalamic nuclei. A high density of 
immunoreactive fibers was present throughout the paraventricular thalamic area. An increase 
in the density of staining was observed in the periventricular hypothalamus. A slight 
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decrease in immunoreactivity was observed in the lateral hypothalamiis and zona incerta at 
gllO. 
Mesencephalon 
An increase in immunoreactive fibers was evident in the central gray. A decrease 
in the densi^  of immunoreactivity was observed in the compact substantia nigra and in the 
ventral tegmental area. 
Metencephalon 
The mesencephalic trigeminal nucleus had a low density of immmioreactive staining 
at gllO. A light density of immunoreactivity was present in the locus coeruleus. No 
immimoreactiviQr was detected in the principal nucleus of the trigeminal nerve or oral spinal 
trigeminal nucleus. 
Myelencephalon 
A medium density of inmnmoreactivity was seen in the medial solitary nucleus at 
gllO. A slight decrease in immunoreactive density was observed in the caudal spinal 
trigeminal nucleus. Immunoreactive fibers were present in the intermediate reticular 
formation which followed a diagonal orientation from the lateral reticular formation to an 
area ventrolateral to the hypoglossal nucleus. 
pnl 
The distribution and density of NPY-IR in fibers of pnl brains follow closely those 
seen in gllO brains. A slight increase in immunoreactivity was observed in the hippocampus 
at pnl. A medium density of fiber immunoreactivi^  was observed in the stratum lucidtmi, 
stratum radiatum of field 2 of Ammon's cortex, and the polymorph layer of the dentate 
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gyrus. A light to medium density of fiber immunoreactivity was observed in the stratum 
radiatum in fields 1 and 3 of Ammon's cortex. A slight increase in immunoreactivity was 
seen in the organum vasculosum of the lamina terminalis (Fig. 8B), periventricular preoptic 
area, external zone of the median eminence, ventromedial hypothalamic nucleus, 
paraventricular thalamic area, medial parabrachial nucleus, pontine reticular formation, the 
dorsal motor nucleus of the vagus (Fig. 15C) and the medial solitary nucleus. Very little 
or no immimoreactivity was present in the compact substantia nigra at pnl. 
pnlO 
A slight increase in immunoreactivity is seen in the nucleus accumbens, pyramidal 
cell layer of the hippocampus (Fig. 7B), preoptic area (Fig. lOB), dorsomedial hypothalamic 
nucleus (Fig. 9D), retrorubral field and central gray. A high density of inamimoreactivity 
in varicose fibers and punctate immimoreactivity is present in the periventricular preoptic 
area (Fig. lOB), whereas the medial and lateral preoptic areas contain a medium density of 
immunoreactive fibers. There is a slight decrease in immunoreactivity in the caudate 
nucleus, putamen, anterior commissure, and ventral tegmental area. No immunoreactivity 
is seen in the compact or reticular substantia nigra or nucleus of the optic tract at pnlO. 
pii20-pii50 
The distribution and density of NPY-IR in brains from ages pn20 and pn50 followed 
that seen in pnlO brains. An increase in immunoreactive density was seen in the 
hippocampus at pn20, with a light to medium density of fibers in the stratum oriens and a 
medium density of fibers in the pyramidal cell layer (pn50; Fig. 9C). A decrease in 
immimoreactive density was observed in the caudate nucleus, fornix and the arcuate nucleus 
31 
(Figs. 12C,D) at pn20 and pn50. A slightly higher density of staining in the medial solitary 
nucleiis and caudal spinal trigeminal nucleus was observed at pn50. Neuropeptide Y-ER. in 
the cerebral cortex at pnSO had a high density in all cortical layers with a medium densiQr 
in the cortical white matter. 
DISCUSSION 
Distribution and development of NPY-IR in cell bodies in the pig brain 
Neuropeptide Y immunoreactivity was present early in development (g30) in cell 
bodies and was seen throughout prepubertal development. Transient immunostained cell 
populations were seen in the arcuate nucleus (gS0-pn20), zona incerta (g90-pnl), nucleus of 
the optic tract (g50-g90), inferior colliculiis (g50-gll0), locus coeruleus (g50-g90), A5 cell 
group (g50-g90) and dorsal motor nucleus of the vagus (g30-g90) of the pig brain. Of these, 
most notable was the rapid decline in inmiunoreactive cell bodies in the arcuate nucleus from 
pnl to pn20 (Fig. 12). Previous reports in the rat indicate a similar decline in the rat arcuate 
nucleus diiring the early postnatal period in the absence of colchicine treatment [41,88]. 
Despite the difference in gestational length, the decline in cell bodies displaying NPY-ER 
occurs at a similar time in both species, suggesting that changes in synthesis and/or transport 
of NPY in arcuate neurons occur shortly after birth. One possibility is that transport of 
synthesized peptide is more rapid at this time. This is supported by the visualization of 
NPY-ER in arcuate cell bodies following colchicine treatment in adult animals 
[19,24,40,65,67,76]. The disappearance of immunoreactive cell bodies in the early postnatal 
arcuate nucleus may represent a fimctional maturation of the arcuato-paraventricular axis 
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involved in food intake control. An increase in inununoreactive cholecystokinin, as 
measured by RIA, in the hypothalamus and medulla of the Meishan pig occiurs between pnl 
and pn20 [27], in parallel with the maturation of the gastrointestinal tract [8]. Taken 
together, these results suggest a rapid development of food intake systems in the early 
postnatal period of development. However, programmed cell death, cessation of synthesis 
or technical considerations cannot be ruled out as possibilities for the postnatal decline of 
inununoreactive cell bodies seen in the arcuate nucleus (Figs. 11, 12). It is possible, 
although unlikely, that the arcuate nucleus is not a major source of NPY in the postnatal 
Meishan pig brain. However, a similar decline in inununoreactive cell bodies with 
increasing age has been reported for other peptides as well [74,75]. Further smdy will be 
required to identify the explanation for this phenomenon. 
Immimoreactive staining in cell bodies in the dorsal metencephalon at ages g50-g90 
is presumed to be present in the cells of the developing locus coeruleus (Fig. 14). However, 
no rq)orts describing the porcine locus coeruleus were available for comparison with this 
study. The presence of immunoreactive cell bodies in the locus coeruleus is substantiated 
in the rat [19,24,31,38,88] but is absent in the adult squirrel monkey [76]. Neuropeptide 
Y-containing neurons of the locus coeruleus have been shown to project to the spinal cord, 
cerebral cortex, and particularly the hypothalamus [38]. As in the arcuate nucleus, increased 
transport of peptide may be responsible for the disappearance of cell bodies containing NPY-
IR in the locus coeruleus and may correlate with increased NPY-IR observed in the 
hypothalamus in late gestation. 
The use of antibodies generated in rabbit has been implicated in non-specific staining 
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of magnocellular neurons in pig tissue [53,85], presunaably by Fc stem-binding [82]. 
However, very little cytoplasmic staining was observed in either the supraoptic or 
paraventricular hypothalamic nuclei with the antibody used in this smdy. In addition, 
incubation of the primary antisera with protein A prior to use on these tissues as prescribed 
by Van der Beek et al. [82]., apparently caused non-specific staining of blood vessel 
endothelium (not shown). This unfavorable result led us to preclude the general use of 
protein A in this study. However, no apparent differences in staining of cell bodies were 
detected in gllO tissue stained with antiserum incubated with or without protein A (not 
shown). 
Distribution and development of NPY-IR in fibers in the pig brain 
The distribution and relative densities of NPY-IR in the pig brain correlate well with 
the distribution of NPY in the pig as described previously by RIA [14], as immimoreactive 
staining in the pn50 pig brain is most dense in the telencephalon (cortex and amygdala) and 
hypothalamus. Immimoreactivity for NPY in the hippocampus of the pig followed closely 
that seen in a previous study [39], with the highest density of immunoreactivity being present 
in the molecular layer. 
Neuropeptide Y-IR was widespread in the early (g30) pig brain and was localized to 
several areas containing immunoreactivity in older animals, including the basal telencephalon 
(Fig. 2A), hypothalamus (Fig. 2B,C), and medulla (Fig. 3C,D). The distribution of NPY-IR 
in fibers became more widespread throughout prenatal development, showing a characteristic 
'mature' pattern by gllO. Also, the intensity of immunoreactivity in several areas increased 
dramatically at g50, g70 and g90. Of particular note is the dranwtic increase in 
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immunoreactive staining in the paraventricular hypothalamic nucleus between g70 and gSK) 
(Fig. 10C,D). At gllO and postnatal ages any increases in immunoreactivity are less 
pronounced and limited primarily to increases in pimctate staining. The substantia nigra pars 
compacta, and ventral tegmental area showed decreases in immunoreactivity at g90 and 
gllO. Other braia areas such as the caudate nucleus, putamen, medial preoptic area, lateral 
hypothalamus, arcuate nucleus (Figs. 11,12) and zona incerta showed mild decreases in 
inununoreactive density in late gestation and/or early postnatal development. Whether these 
changes are due to changes in innervation, peptide content, or a 'dilution' of 
immunoreactivity due to brain growth is not clear at the present time. A fiuther increase in 
immimoreactive density is apparent by pnlO in the medial preoptic area (Fig. lOB). It is 
unknown what functional significance this increase may have, however, an increase in NPY 
concentration in the medial preoptic area was reported in the female rat between birth and 
the time of puberty [79]. 
Comparison of NPY-IR in pig development with other species 
The distribution of NPY-IR in cell bodies in the pig brain is very similar to that seen 
in other species [19,24,40,41,65,67,76,88]. Differences in the anatomical localization and 
number of immunoreactive cell bodies in the pig brain seen in this smdy may be due to the 
use of colchicine in other studies [19,24,41,65,67,76], as the animals used in this study were 
not treated with colchicine. However, species differences cannot be ruled out. 
Iromunoreactive cell bodies in postnatal ages in this study were primarily limited to the 
rhinencephalon, telencephalon and metencephalon. Comparison with a report of NPY-IR in 
non-colchicine treated postnatal rats [88] reveals a similar distribution of cell bodies with the 
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following few exceptions. No immunoreactive cell bodies are seen in the central gray, locus 
coeruleus (Fig. 14D), or dorsal tegmentum in early postnatal pigs. Unlike the postnatal rat, 
inmiimoreactive cell bodies were observed in the dorsolateral hypothalamus along the stria 
meduUaris fhalamns and caudal spinal trigeminal nucleus. However, immtmoreactive cell 
bodies were reported in the adult colchicine-treated rat in the caudal spinal trigeminal nucleus 
[19,24]. 
Neuropeptide Y-IR in the pig brain is similar in distribution and density to that seen 
in other species [19,24,40,41,67,75,76,88]. However, some differences exist. Very sparse 
NPY-IR was localized to the pig suprachiasmatic nucleus, as opposed to a very dense 
localization in the adult golden hamster [67] and groimd squirrel [75], which may reflect 
differences in circadian rhythm fimction. In the prenatal pig, the compact substantia nigra 
had a medium density of immimoreactivity (Fig. 6A). There is no previous report of a 
similar localization in either the developing [88] or adult rat [19,24,88], or the adult squirrel 
monkey [76]. This may indicate a species difference in the development of this cell group. 
To our knowledge, this is the first report of the development of NPY expression in 
the brain of a mammalian species with a prolonged gestational period. The overall 
development of the brain at g30 correlates well with the E14 rat [59], as does the general 
developmental distribution of NPY-IR [88]. However, the pig brain shows more 
inmnmoreactivity in the developing forebrain, especially in the basal telencephalon (Fig. 2A), 
surrounding the forming internal capsule (Fig. 2B), and in the forming hypothalamus (Fig. 
2C,D). Further smdy will be necessary to determine the date of first detection of NPY-IR 
in the pig brain, as no ages earlier to g30 were investigated in this smdy. The overall 
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development of NPY-IR in the pig and rat brain [88] is similar. However, the timing of 
developmental changes in NPY-IR in the cerebral cortex differs in relation to the percentage 
of the gestational period completed. The characteristic widespread distribution of 
immunoreactive fibers and cell bodies throughout the cortex was observed at g70 in the pig 
brain (at approximately 60% of the gestational period) as opposed to E20 in the rat brain (at 
approximately 90% of the gestational period) [88]. The general pattern of immunoreactive 
cells and fibers being localized first in the ventral portion of the cortex is consistent between 
the two species, although the rostral to caudal development of NPY in the rat cortex [88] is 
not as evident in the pig, perhaps due to the time points selected for this smdy. The 
developmental pattern of NPY expression in the cortex may reflect the need for a more 
mature state of cortical development at birth in a precocial species such as the pig when 
compared to the rat whose young are relatively immature in sensory and motor function at 
birth. 
Neuropeptide Y-IR in the pig in relation to other peptides 
Neuropeptide Y-IR in the periventricular hypothalamus overlaps the localization of 
somatostatin cell bodies seen in the pig [48], and supports the potential role of NPY in 
modulating somatostatin release in the hypothalamus of the pig. Further work will be 
required to determine if NPY-IR is localized in synapses on somatostatin cells in pigs, 
however a previous report in the rat supports this possibility [36]. Somatostatin and NPY 
have also been co-localized in cell bodies in the cerebral cortex and rostral arcuate nucleus 
in the rat [18], but this has not been stodied in the pig brain. The distribution of growth 
hormone-releasing hormone cells in the pig brain previously reported [48] correlates with 
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NPY-IR in cell bodies in the arcuate nucleus in this study. It is not known whether these 
peptides are co-localized as in the rat [20]. 
The oiganum vasculosum of the lamina terminalis contains luteinizing hormone-
releasing hormone (LHRH) cell bodies in the pig [15,23,44] and NPY-IR was seen in the 
organum vasculosum of the lamina terminalis in this smdy (Fig. 8) as in the prepubertal 
female pig [15], A previous study showed LHRH fibers in the pig median eminence at g60 
[23]. Neuropeptide Y-IR was detected in the median eminence in this smdy as early as g50. 
Although breed differences in development of these peptides have not been smdied, these 
results suggest that NPY is not only already present at the time that LHRH fibers reach the 
median eminence, but also prior to the differentiation of capillary loops in the median 
eminence which occurs by g70 in the pig [23]. These results ftuther support the role of 
NPY in modulating LHRH secretion in the pig. The increase in NPY-IR in the median 
eminence during prenatal development correlates with the maturation of hypothalamic control 
of LH and follicle stimulating hormone secretion from the pituitary in the pig [13]. 
Immunoreactivity for neurophysin, a cleavage product of oxytocin and vasopressin 
synthesis [6], is localized in cell bodies of the pig hypothalamus at g60 in the supraoptic 
nucleus and at g87 in the paraventricular nucleus [25]. The distribution of NPY-IR seen in 
this study overlaps that for neurophysin inmnmoreactive cell bodies as well as vasopressin-
and oxytocin-immunoreactive cell bodies [83] of the paraventriciilar nucleus. The dramatic 
increase in immunoreactivity in the paraventricular nucleus between g70 and g90 (Fig. 
10C,D) suggests that NPY may have effects on the development and/or fimction of these 
cells. Neuropeptide Y injection into the paraventricular nucleus is known to increase 
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vasopressin secretion in the rat [45] and oxytocin secretion in the lactating rat [56]. 
The inununohistochemical distribution of phenylethanolamine N-methyltransferase 
(PNMT) inununoreactivity in the ventrolateral medulla of the pig brain [66] is similar to the 
distribution of NPY-IR in cell bodies seen in this study. The possible existence of NPY in 
catecholamine-containing neurons of the pig has yet to be studied, but is supported by these 
results. Neiuropeptide Y is present in both epinephrine- and norepinephrine-containing 
neurons in the rat brainstem [29,71] that project to the paraventricular nucleus of the 
hypothalamus [71]. This NPYergic pathway may represent a major food intake control 
pathway in the mammalian brain [reviewed in 46,68]. 
Conclusions 
In conclusion, the distribution and density of NPY-IR during development of the 
Meishan pig brain is similar to that shown in the rat and other species. The early appearance 
of NPY in the pig brain supports a yet undefined developmental role for this peptide. The 
localization of NPY-IR in hypothalantiic structures that have been shown to influence feeding, 
growth and reproduction in several mammalian species supports the hypothesis that NPY is 
involved in controlling these parameters in the pig. As Meishan pigs show precocial puberty 
[10,35] and NPY has been implicated in the onset of puberty [32,33,54,55,79], further smdy 
into the peripubertal and post-pubertal localization of NPY-IR in the Meishan is warranted. 
Direct comparison of NPY localization or concentrations with domestic breeds attaining 
puberty at later ages may yield insight into the explanation for this phenomenon. 
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TABLE 1 
Number of sets of coronal sections of porcine brain collected and approximate interval of 
sections processed for immunohistochemistiy 
AGE g30 m m m ellO-pnSO 
sets collected 2 4 6 12 18 
interval (/tm) 20 60 100 495 765 
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TABLE 2 
Abbreviations used in tables 
12 hypoglossal nucleus 
A1 A1 noradrenaline cells 
AS AS noradrenaline cells 
AA anterior amygdaloid area 
ac anterior commissure 
ACo anterior cortical amygdala 
AH anterior hypothalamic area 
AM anteromedial thalamic nucleus 
ARC arcuate nucleus 
AV anteroventral thalamic nucleus 
BL basolateral amygdaloid nucleus 
BM basomedial amygdaloid nucleus 
BST bed nucleus, stria terminalis 
BTel basal telencephalon 
CI CI adrenaline cells 
C2 C2 adrenaline cells 
cc corpus callosum 
CeA central amygdaloid nucleus 
CG central gray 
Cli caudal linear raphe nucleus 
CM centromedial thdamic nucleus 
Ctx cerebral cortex 
Cu cuneate nucleus 
DBB diagonal band of Broca 
DM dorsomedial hypothalamic nucleus 
DMX dorsal motor nucleus of the vagus 
DpMe deep mesencephalic nucleus 
DR doi^  raphe nucleus 
Dig dorsal tegmental nucleus 
f fornix 
fi fimbria 
GP globus pallidus 
Gr gracile nucleus 
lAM interanteromedial thalamic nucleus 
IC inferior colliculus 
ICap internal capsule 
ICj islands of Calleja 
IF interfasicular nucleus 
IG induseum griseum 
MeA medial amygdaloid nucleus 
Med medial cerebellar nucleus 
MHb medial habenula 
ml molecular layer of the hippocampus 
MM mammillary area 
MnR median raphe nucleus 
MPA medial preoptic area 
MPB medial parabrachial nucleus 
MS medial septum 
nAc accumbens nucleus 
nC caudate nucleus 
OT nucleus of the optic tract 
OVLT organum vasculosum of the lamina 
terminalis 
PCo posterior cortical amygdaloid nucleus 
pel pyramidal cell layer, hippocampus 
PCRt parvocellular reticular formation 
Pe periventricular hypothalamus 
PH posterior hypothalamus 
Pir piriform cortex 
PMV ventral premammillary nucleus 
PnR pontine reticular formation 
PoDG polymorph layer, dentate gyrus 
PrS principal trigeminal nucleus 
PrC precommissural nucleus 
Put putamen 
PV paraventricular thalamic nucleus 
PVN paraventricular hypothalamic nucleus 
PvPOA periventricular preoptic area 
Re reuniens thalamic nucleus 
Rh rhomboid thalamic nucleus 
RLi linear raphe nucleus 
RMg raphe magnus nucleus 
RPa raphe pallidus nucleus 
RPn raphe pontis nucleus 
RRF retrorubral field 
Rt reticular thalamic nucleus 
SC superior colliculus 
SCN suprachiasmatic nucleus 
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10 inferior olive 
IPN interpeduncular nucleus 
IRt intermediate reticular formation 
LA lateral amygdaloid nucleus 
LC locus coeruleus 
LD laterodorsal tbalamic nucleus 
LH lateral hypothalamic area 
11 lateral lemniscus 
LL nuclei of the lateral lemniscus 
UPB lateral parabrachial nucleus 
LPO lateral preoptic area 
LRt lateral reticular formation 
LS lateral septum 
LSD lateral septum, dorsal 
MD mediodorsal thalamic nucleus 
MdD dorsal medullary reticular field 
ME median eminence 
Me5 sensory trigeminal nucleus 
si stratum lucidum, hippocampus 
sm stria medullaris thalamus 
Sol solitary nucleus 
SON supraoptic nucleus 
SNc compact substantia nigra 
SNR reticular substantia nigra 
so stratum oriens, hippocampus 
Sp5c spinal trigeminal nucleus, caudal 
Sp50 spinal trigeminal nucleus, oral 
sr stratum radiatum, hippocampus 
SuM supramammillary nucleus 
tu olfactory tubercle 
VL ventrolateral thalamic nucleus 
VM ventromedial thalamic nucleus 
VMH ventromedial hypothalamic nucleiis 
VPL ventral posterolateral thalamic nucl. 
VTA ventral tegmental area 
21 zomi incerta 
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TABLES 
Distribution of neuropeptide Y-like immunoreactivity in the developing porcine brain: Cell 
Bodies 
AREA g30 g50 m g9Q gllO pnl pnlO pn20 pnSO 
EMnencephalon 
NA  ^IG  ^ + + ++ + + + + + + + + + + + + 
Pir NA + + ++ + + + + + + + + + + + + 
Tu NA + + ++ + + + + + + + + + + + + 
Telencephalon 
AA NA - - + + + + + + + + + + 
ac NA - - + + + + + + 
ACo NA - + + + + + + + 
BL NA - - + + + + + 4- + + 
BM NA - - + + + + + + + + + + + + 
BST NA - - + + + + + + + + + + + + 
BTel + + NA NA NA NA NA NA NA NA 
Ctx + + + + + + + + -f- + + + + + + + + 
GP NA - - - + + + + + 
Hippocampus 
ml NA - + 
pel NA - + + + + + + + 
PoDG NA - + + + + 
so NA - + + + + + + + + + -1-
sr NA - - - - - + + -
LA NA - - + + + + + + + + + + 
LSD NA - + + + + + + + + 4- + + + + 
MeA NA - - + + + + + 
MS NA - - + + + + + + + + + + + + 
nAc NA - + + + + + + + + + + + + + + 
nC NA + + + + + + + + + + + + + + + 
Put NA + + + + + + + + + + + + + + + 
Diencephalon 
AH + + + -
ARC NA + + + + + + + + + + + + -
ICap + + - - - - - - - -
LH + + + + + + + + + + + + + 
ME NA + + + + + + + + + + + + + 
sm NA - + + + + + + + + + 
ZL NA 
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+ + ++ + 
Mesencephalon 
I C  N A  + + + + + + + +  -
LL ++ 
OT NA ++ ++ ++ 
SNc NA - + + 
Tecttim + NA NA NA NA NA NA NA NA 
Metencephalon 
AS NA + + + -1- + + + - - - -
LC NA + + + + + + - - - - -
Med NA + -1- + + NA NA NA NA NA NA 
Pr5 + + + + 
Myelencephalon 
Al/Cl + + + + + + + + + •f + + + + + + + 
DMX + + + + -I- + - - - - -
mt + + + + + + -I- + + + + + 
Sp5C + + + + + -1- + + + + + + + + + + + + 
^-Abbreviations of brain areas can be found in table 2. ^-Symbols used in this table refer to 
the following: no cell bodies detected in area or nucleus studied; +, less than 10 cell 
bodies detected in area or nucleiis; ++, more than 10 cell bodies detected in area or 
nucleus; NA, area not applicable or not studied. Due to immaturity of brain structures, 
many brain areas cannot be defined at g30 and are thus listed as NA. 
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TABLE 4 
Distribution of neuropeptide Y-like immunoreactivity in developing porcine brain: Fibers 
AREA g30 g70 m gllO pnl pnlO pn20 pnSO 
Rhinencephalon 
icy NA=  ^ M M M M M M M 
IG NA M H H H H H H H 
Pir NA M M H H H H H H 
Tu NA M H H H H H H H 
Telencephalon 
AA NA M M M M M M M M 
ac NA L L L L/M L/M L L L 
ACo NA L M M M M M M M 
BL NA L M M M M M M M 
BM NA M M M M M M M M 
BST NA L L/M M M M M M M 
BTel M NA NA NA NA NA NA NA NA 
cc NA L L L L L L L L 
CeA NA L M M M M M M M 
Ctx L L UM. M/H Mm M/H M/H M/H M/H 
DBB NA L M M M M M M M 
f NA L L/M L/M LM L/M L/M L L 
GP NA - L L L L L L L 
Hippocampus 
fi NA L L L L L L L L 
ml NA - M H H H H H H 
pel NA - - - L L L/M M M 
PoDG NA - L L L M M M M 
si NA - L L \m M M M M 
so NA - L L L L L L/M L/M 
sr NA - L LM im M M M M 
LA NA L L M M M M M M 
LS NA L L/M L/M L/M L/M L/M L/M L/M 
MeA NA L M M M M M M M 
MS NA L M M M/H M/H M/H M/H M/H 
nAc NA L LM LM L/M L/M L/M L/M L/M 
nC NA L M/H M/H M/H M LM L/M L/M 
PCo NA L L/M M M M M M M 
Put NA L M/H M/H M M L/M UM. L/M 
Diencephalon 
AH M L/M M M M M M M M 
AM NA L L L L L L L L 
ARC NA M/H urs. M/H M/H M/H M/H M/H M/H 
AV NA - - L/M L/M L/M L/M L/M L/M 
CM NA - L L L L L L L 
DM NA L L/M M M M M/H M/H M/H 
lAM NA - L L L L L L L 
ICap H 
LD NA - - L M M M M M 
LH M L/M M/H M M M M M M 
LPO NA L L/M L/M UU L/M M M M 
MD NA L LM M M L L L L 
ME NA L/M L/M L/M L/M M M M M 
MHb NA L L L L L L L L 
MM M L L L L L L L L 
MPA - L M M LM L/M M M M 
OVLT NA L LM M M M/H M/H M/H M/H 
Pe NA L M M M/H M/H H H H 
PH - L L/M L/M L/M L/M L/M L/M L/M 
PMV NA L L/M M M M M M M 
PrC NA L L/M L L L L L L 
PV NA L M M/H M/H H H H H 
PVN NA L/M M H H H H H H 
PvPOA NA L M M My  ^ H H H H 
Re NA L L M M M M M M 
Rh NA L L L L L L L L 
Rt NA - L L L L L L L 
SCN NA - - L L L L L L 
sm NA L L M M M M M M 
SON NA L L L L L L L L 
SuM NA L M M M M M M M 
VL NA - L L L L L L L 
VM NA L L L L L L L L 
VMH NA L L/M M L/M M M M M 
VPL NA - - L L L L L L 
ZI NA L L M M M M M M 
Mesencephalon 
CG NA L L L/M UM L/M L/M L/M L/M 
CLi NA - L L L L L L L 
DpMe NA L L L L L L L L 
DR NA M M M M M M M M 
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IC NA L L L L - - - -
IF NA L M M L L L L L 
IPN NA L/M L/M L L L L L L 
U M 
LL H L - - - - - - -
Me5 NA - - L L L L L L 
MoR NA L M M M M M M M 
OT NA L L L L L - - -
RLi NA L L L L L L L L 
RRF NA L M M M M M/H M/H M/H 
SC NA - - - L L L L L 
SNc NA M M M L L - - -
SNR NA - L L L L - - -
Tectum L NA NA NA NA NA NA NA NA 
VTA H L/M M/H M/H M/H M/H UM L/M L/M 
Metencephalon 
A5 NA L L L L L L L L 
DTg NA L L/M M L L L L L 
LC NA M M/H M L L M M M 
LPB NA L/M L/M LM L/M L/M L/M UM L/M 
MPB NA L/M LM L/M L M M M M 
PCRt NA L L M M L L L L 
PnR M L L L L UM L/M UM L/M 
Pr5 L L L L - - - - -
RMg NA L/M L/M L L L L L L 
RPa NA L/M L L L L L L L 
RPn NA L/M M L L L L L L 
Sp50 NA L L L 
Myelencephalon 
12 NA L L 
Al/Cl M L/M UU UM L/M L/M L/M L/M UM 
Cu NA L L L L L L L L 
DMX NA L L M M H H H H 
Gr NA L L L L L L L L 
10 NA L L L L L L L L 
IRt M L/M L/M L/M L/M L/M UM L/M UM 
LRt NA L LAI UM L/M L/M UM L/M UM 
MdD NA L L L L L L L L 
Sol NA L L UM UM L/H UH L/H UH 
Sp5C H UM M M UM L L L UM 
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'-Abbreviations of brain areas can be found in Table 2. --Symbols used in the table refer 
to the following: no immunoreactivity detected; L, low density of immxmoreactivity 
detected; M, meditmi density of immunoreactivity detected; H, high density of 
immunoreactivity detected; and NA, area not applicable or not studied. Due to immaturity 
of brain structures, many brain areas cannot be defined at g30 and are thus listed as NA. 
figure 1. Examples of neuropeptide Y-like immunoreactivity in porcine brain classified 
as being either low, medium or high density. 
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figure 2. Neuropeptide Y-like immunoreactivity in the gestational day 30 pig brain. A-
Basal telencephalon, sagittal section; B-area surrounding the internal capsule, sagittal 
section; C-anterior hypothalamus, coronal section; D-lateral hypothalamus, coronal 
section. Magnification bars indicate 100 .^ Abbreviations: 3V-third ventricle, ICap-
intemal capsule. 
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Figure 3. Neuropeptide Y-like immunoreactivity in the gestational day 30 pig brain. A-
mesencephalon at the mesencephalic flexure, horizontal section; 6-Nuclei of the lateral 
lemniscus, sagittal section; C-ventrolateral medulla, sagittal section; and D-spinal 
trigeminal nucleus, sagittal section. Magnification bars indicate lOO^m. Abbreviations: 
4V-fourth ventricle, ^-Sylvian aqueduct in A, arrowheads indicate dense counterstain in 
the ependyma in D. 

Figure 4. Neuropeptide Y-like inununoreactiviQr surroundiug the olfactory tubercle. A-
gestational day SO; B-gestational day 70; C-postnatal day SO. Magnificatioa bars indicate 
200/im. Abbreviations: lo-lateral olfactory tract, Put-putamen. 
Put 
Figure 5. Neuropeptide Y-like immunoreactivity in the gestational day 70 pig brain. A-
Laieral hypothalamus; B-compact substantia nigra; C-AS noradrenaline cells in the 
metencephalon. Magnification bar indicates lOO^tm. All photomicrographs are at the 
same magnification level. Abbreviation: SNR-reticular substantia nigra. 
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Figure 6. Neuropeptide Y-like immunoreactiviQr in the developing parietal cerebral 
cortex. A-gestational day 70; B-gestational day 110, C-postnatal day 10. Magnification 
bar indicates lOO^tm. All photomicrographs are at the same magnification level. The 
solid line at the top in each photomicrograph indicates the innennost extent of cortical 
layer I. 
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Figure 7. Neuropeptide Y-like inununoreactivity in the developing hippocampus. A-
gestational day 110; B-postnatal day 10; C-postnatal day 50. Magnification bar indicates 
lOO^on. All photomicrographs are at the same magnification level. Abbreviation: pcl-
pyramidal cell layer. 
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I^ure 8. Neuropeptide Y-like immunoreactivi^  in the developing organum vasculosum 
of the laminae tenninalis. A-gestational day 90; B-postnatal day 1. Magnification bar 
indicates lOO/on. All photomicrographs are at the same magnification level. The solid 
line at the top in each photomicrograph indicates the midline of the brain. 
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Figure 9. Neuropeptide Y-like immunoreactivity in the developing pig brain. A-
gestational day 110, basolateral amygdaloid nucleus; B-postnatal day 1, median 
eminence; C-postnatal day 10, bed nucleus of the stria terminalis, medial division; and 
D-dorsomedial hypothalamic nucleus. Magnificationbars indicate lOO i^m. Abbreviation: 
3V-third ventricle. 

Figure 10. Neuropeptide Y-like immunoreactivi^  in the developing pig brain. A-
gestational day 70, medial preoptic area; B-postnatal day 10, medial preoptic area; C-
gestational day 70, paraventricular hypothalamic nucleus; and D-gestational day 90, 
paraventricular hypothalamic nucleus. Magnification bar indicates lOO^on. All 
photomicrographs are at the same magnification level. The third ventricle is the space 
on the left in each photomicrograph. 

Figure 11. Neuropeptide Y-like immunoreactivi^  ia the developing prenatal arcuate 
nucleus. A-gestational day 50; B-gestational day 70; C-gestational day 90; and D-
gestational day 110. Magnification bar indicates lOO/un. All photomicrographs are at 
the same magnification level. The third ventricle is the space on the right in each 
photomicrograph. 

Figure 12. Neuropeptide Y-like immunoreactiviQr in the developing postnatal arcuate 
nucleus. A-postnatal day 1; B-postnatal day 10; C-postnatal day 20; and D-postnatal day 
SO. Magnification bar indicates 100/xm. All photomicrographs are at the same 
magnification level. The third ventricle is the space on the right in each 
photomicrograph. 

Figure 13. Neuropeptide Y-like immunoreactivity in the developing inferior colliculus. 
A-gestational day 90; B-gestational day 110; and C-postnatal day 1. Magnification bar 
indicates 200 .^ All photomicrographs are at the same magnification level. 
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Figure 14. Neuropeptide Y-iike inununoreactivity in the developing locus coeruleus. A~ 
gestational day 50; B-gestational day 70; C-gestational day 90; and D-postnatal day 1. 
Magnification bar indicates lOOAtm. All photomicrographs are at the same magnification 
level. Arrowheads indicate densely counterstained and/or pigmented cell bodies of the 
mesencephalic trigeminal nucleus that are not immunoreactive. 
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Figure 15. Neuropeptide Y-Iike inununoreactivity in the developing dorsal motor nucleus 
of the vagus. A-gestational day 70; B-gestational day 90; C-postnatal day 1; and D-
postnatal day SO. MagniHcation bar indicates 100/xm. All photomicrographs are at the 
same magnification level. The fourth ventricle is the space at the left in each 
photomicrograph. 
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CHAPTER 2: THE PREPUBERTAL ONTOGENY OF GALANIN-LIKE 
IMMUNOREACnVITY IN THE MALE MHSHAN PIG BRAIN 
A paper accepted for publication in Developmental Brain Research (1995) 
Paul L. Pearson, Lloyd L. Anderson, and Carol D. Jacobson 
SUMMARY 
Galanin (GAL) is a neuropeptide found in the mammalian brain and is involved in 
numerous fimctions including the control of feeding, growth and reproduction, and therefore 
may be an important peptide to smdy in agricultural species. We describe the 
inununohistochemical localization of GAL throughout prepubertal development in the 
Meishan pig, a Chinese breed known for its superior reproductive characteristics, but slow 
growth rate and abundant adipose tissue. 
Brains of animals from gestational day (g) 30, 50, 70, 90 and 110 and postnatal day 
(pn) 1, 10, 20 and 50 (duration of pregnancy averaged 114 days) were processed using a 
standard immimohistochemical technique utilizing a commercially available rabbit anti-
porcine GAL antibody. Galanin-like immunoreactivity (GAL-IR) in cell bodies and fibers 
was evident in the brain at g30, primarily in the hypothalamus. Throughout prenatal 
development, cell bodies containing GAL-IR generally increased in number and distribution 
in the brain. During postnatal development, the number of cell bodies displaying GAL-IR 
decreased, particularly in hypothalamic areas. The distribution of GAL-IR in fibers became 
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more widespread throughout gestational development, showing a pattern by pnl that 
continued during later postnatal ages. The intensi^  of GAL-ER in fibers also increased 
throughout gestation. Some additional increases in immunoreactivity occurred postnatally, 
especially in the periventricular hypothalamus. The results of this smdy indicate that the 
distribution of GAL-IR in cell bodies and fibers in the Meishan pig brain was similar to that 
seen in other species, including the rat. These results support the hypothesis that GAL 
participates in the control of feeding, growth and reproduction in the pig. 
INTRODUCTION 
Galanin (GAL) is a 29 amino acid amidated peptide originally isolated from porcine 
intestinal extracts by Tatemoto et al., 1983 [65]. Since its discovery, numerotis functions 
have been ascribed to GAL, including inhibition of insulin secretion [32], stimulation of food 
intake behavior [28,29,66], and stimulating the secretion of growth hormone (GH) [46,48], 
luteinizing hormone (LH) [55,56] and LH-releasing hormone (LHRH) [34]. Galanin has 
been localized in both the central nervous system (CNS) and peripheral nervous system of 
several species including human [18,20,27,45] and non-human primates [4,27], rat 
[8,42,45,54,61,62,63], Brazilian opossum [12,13], and pig [6,8,45]. In the rat CNS, GAL 
has a wide distribution, and is present in high concentration in the hypothalamus, limbic 
system, nucleus of the solitary tract, locus coeruleus, and pituitary [8,45,62]. Galanin and 
GAL message-associated peptide [6] immunoreactivity has been reported in the porcine CNS, 
and parallels the distribution seen in the rat. However, there has been no description of the 
immunohistochemical distribution of galanin in the porcine brain. The ontogeny of galanin 
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during development in the brain has been studied in fish [36], rat [61] and Brazilian opossum 
[12,13], but has yet to be studied in a species with a long gestation period. 
The Meishan pig was brought to the United States from mainland China in 1989, and 
has been studied primarily for its superior reproductive capabilities [1,11,16,21,71,72]. The 
Meishan is also characterized by slow growth rate, low feed efficiency and abundant adipose 
tissue compared with traditional American and European breeds [23,30]. The developiug 
pig imdergoes gonadal differentiation at gestational day (g) 26 [S3], can be sexed by 
inspection of the external genitalia at g36 [38] and sexual differentiation of hypothalamic 
control of LH release is thought to occur between g30 and g74 [14]. The dmation of 
gestation is approximately 114 days. Noted for precocious puberty, the male Meishan 
undergoes puberty at approximately postnatal day (pn) 75, producing viable sperm as early 
as pnl20 [22]. American and European breeds of pigs enter puberty at about pnl25 and 
produce viable sperm by pnl50-180[2]. With respect to the role of GAL in the control of 
growth and reproduction, it may be an important peptide to study in agricultural species. 
Thus, we have determined the immunohistochemical localization of GAL throughout 
prepubertal development in the male Meishan pig. 
MATERIALS AND METHODS 
Animals 
Purebred Meishan pigs were obtained from the breeding population maintained at the 
Iowa State University Animal Reproduction Farm. The animals and procedures used were 
in accordance with the guidelines and approval of the Iowa State University Committee on 
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Animal Caie. Boars were allowed access only to sows in estrus and the date of breeding 
was designated as gO. The day of birth was designated as pnl. Gestation averaged 114 
days. At least four intact male animals from at least two different litters were used at each 
time point in this study (g30, g50, g70, g90, gllO, pnl, pnlO, pn20, and pn50). At g30, 
the gender of the animals could not be determined by external visual inspection, and were 
thus considered sexually undifferentiated. Pigs euthanized at pn50 in this study were weaned 
at pn21 and given ad libitum access to a standard com/soybean diet (18% protein) untU the 
date of termination. 
Tissue preparation 
Prenatal animals were obtained by rapid electrocution and exsanguination of the sow, 
followed by removal of the fetuses from the gravid uterus. At g30, fetal heads were 
removed and post-fixed 48 hours in 4% paraformaldehyde (pf). At g50, fetuses were 
perfused transcardially with ice-cold 4% pf, ±e heads removed, the brain exposed, and 
postfixed 48 hours in 4% pf. At g70-110, the fetuses were perfused transcardially with 
0.9% NaCl followed by ice-cold 4% pf, the brains removed and postfixed 24-48 hours in 
4% pf. At all postnatal ages, animals were euthanized with an intraperitoneal injection of 
a lethal dose of sodium pentobarbital, perfused transcardially with 0.9% NaCl followed by 
ice-cold 4% pf. Brains were removed, blocked, and post-fixed 24-48 hours in 4% pf. 
Following post-fixation, all brains were sunk in 30% sucrose at 4°C and sectioned on 
a cryostat (Reichert-Jung). For g30-g70, brains were cut at 20 /im and thaw-moxmted onto 
poly-L-lysine coated slides, dried overnight at 35°C, and stored at 4''C imtil processed for 
immunohistochemistry. At all other ages, brains were cut at 45/im into wells containing 
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cryoprotectant solution [70], and stored at -20°C until processed for immunohistochemistry. 
At all ages, brains were sectioned in the coronal plane. At g30, additional heads were 
sectioned in the horizontal or sagittal planes. Brains of gSO and older animals were sectioned 
from the genu of the corpus caUosum (rostral) to the spinomedullary junction (caudal). In 
g90 and older animals the cerebellimi was removed prior to sectioning and was not 
processed. 
Dmnimobistochenustry 
The protocol utilized for immunohistochenustry was modified from that reported 
previously from our laboratory for the Brazilian opossum brain [12,51] and pig brain [52]. 
Tissue mounted on slides was washed with 50mM potassium phosphate buffered saline 
(KPBS), incubated with 0.3% H2O2 to remove endogenous peroxidase activity, exposed to 
1.5% normal goat serum (NGS), 1% bovine serum albumin (BSA) and 0.4% Triton X-100 
(Sigma) as a blocking agent. The tissue was then incubated in rabbit anti-porcine GAL 
(Peninsula; 1:5000) in blocking serum containing 1 % NGS, 1 % BSA and 0.4% Triton X-100 
for 20 hours at room temperature in a humidified chamber. Following adequate washing, 
the tissue sections were incubated in goat anti-rabbit IgG (Kirkegaard & Peny Laboratories; 
2/ig/ml) in diluent (KPBS containing 5% nonfat powdered milk and 0.25% Triton X-100) 
for 2 hours at room temperature, rinsed, and reacted with streptavidin-peroxidase 
(Kirkegaard & Perry Laboratories; 2|ig/ml) in diluent for 1 hour at room temperature. After 
washing, the sections were stained by reacting them with 0.04% 3,3'-diaminobenzidine 
solution (Sigma), 2.5% nickel sulfate (Sigma), and 0.01% H2O2, dissolved in O.IM sodium 
acetate. After staining for 7-12 minutes, the reaction was terminated by two consecutive 
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rinses in 0.9% NaCl. Sections were counterstained with neutral red (Fisher Scientific) and 
then dehydrated in graded alcohols, cleared in xylene, coverslipped with Permount (Fisher 
Scientific) mounting media, and analyzed with a light microscope. 
Tissue cut into wells and stored in cryoprotectant was processed for 
immunohistochemistry by a free-floating tissue technique utilizing plastic weigh boats with 
screens, as previously described for adult opossum tissue [12]. In addition, the following 
modifications from the previous protocol were made: 1) Tissue sections were incubated in 
1% H2O2 to block endogenous peroxidase activity; 2) Incubation in primary antibody 
solution was conducted at 4''C on an orbital shaker for 20 hours; 3) Incubations in secondary 
antibody solution and streptavidin-peroxidase were also conducted on an orbital shaker; and 
4) Following staining, tissue sections were mounted onto gelatin-coated slides, air-dried 
overnight, then counterstained and processed as above. 
Section Intervals 
Due to the size differences during brain development, brains were sectioned and 
collected in sets. The number of sets and approximate interval of sections processed for 
iimmmohistochemistry for each age is listed in Table 1. One set of sections from each brain 
was processed for every animal at every age. 
Controls 
Negative controls were included in each run and consisted of omission of the primary 
antiserum from the diluent. No staining was observed in any negative control section (not 
shown). Preabsorption controls were conducted and consisted of incubation of the primary 
antiserum with ISfiM porcine GAL (Peninsula) at 4°C for 20 hours prior to use. All staining 
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in a gllO brain was abolished by this procedure (not shown), with the exception of 
magnocellular neurons of the paraventricular and supraoptic nuclei of the hypothalamus, as 
reported previously [12]. Incubation of the primary antiserum with 5;:g/ml recombinant 
protein A (Calbiochem-Novabiochem Corporation) prior to immunohistochemical staining 
was conducted as a proposed control for nonspecific staining of magnocellular neurons 
[40,68,69]. This procedure blocked non-specific cytoplasmic staining of cells in the 
paraventricular and supraoptic nuclei of the hypothalamiis, but failed to block 
immunohistochemical staining of other immunoreactive cell bodies in adjacent sections in the 
pnlO brain (not shown). 
Analysis of Tissue 
Sections were examined with the light microscope and brain regions containing GAL-
IR were identified. Structures in the brain during early development were compared to 
atlases of developing mouse brain [58] and rat brain [50]. Other ages were compared to the 
rat atlas [49], cat atlas [5] and previous descriptions of the pig brain [57,64]. Use of 
neuroanatomical terminology and abbreviations followed Paxinos et al. [50] for g30 and g50 
brains and Paxinos and Watson [49] for older animals, except in cases where subnuclear 
groups or areas defined in the rat could not be clearly identified from coimterstained tissue 
of the pig brain. Nuclear groups which could not be clearly defined by cellxilar 
characteristics or by location due to absence of landmarks during development were denoted 
as 'presumptive' nuclei. Abbreviations of nuclear groups contained in tables and figures are 
contained in Table 2. The number of cell bodies displaying immunoreactivity was described 
as few (less than 10) or nimierous (greater than 10) cell bodies in a brain area or nucleus in 
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the processed sections. Immunoreactivi^  not contained in cell bodies was subjectively 
classified as a low, medium or high density of inimunoreactivity in an area or nucletis as 
shown in Figure 1. Although immunoreactiviQr not contained in cell bodies may be 
contained in nerve fibers, terminals or other processes, these cannot be readily distinguished 
in all cases, especially in coronal sections where fibers may be running perpendicular to the 
plane of section. Thus, immunoreactivity not contained in cell bodies was described as 
'fibers' in all cases, unless specifically noted. Qualitative differences in immunoreactive 
staining patterns between timepoints are described in the following section. 
RESULTS 
General observations 
The general development of the pig brain has been discussed previously [38,52]. 
Galanin-like immunoreactivity in cell bodies and fibers was observed at all ages studied from 
g30 to pn50. Immunoreactive cell bodies generally increased in number and distribution in 
the brain during the prenatal period. During the postnatal period, however, the number of 
cell bodies displaying GAL-IR decreased in number, particularly in hypothalamic areas. The 
distribution of GAL-IR in fibers became more widespread and the density of 
inmiunoreactivity also increased during the prenatal period, showing a pattern by pnl 
consistent with later postnatal ages. Some additional increases in immunoreactivity occurred 
postnatally, especially in the periventricular hypothalamus. 
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Galcmin-Uke inanunoreactivity in cell bodies 
The localization of galanin-like immunoreactivity in cell bodies throughout 
prepubertal development is summarized in Table 3. The following describes changes in 
localization or relative numbers of immunoreactive cell bodies between ages. 
g30 
Cell bodies displaying immunoreactivity were observed at g30 in the diencephalon. 
Numerous immimoreactive cells were seen in the forming hypothalamus, particularly in the 
anterior and lateral hypothalamus (Fig. 2). Few immunoreactive cells were seen in the 
preoptic area. 
gSO 
Ntmierous cell bodies displaying GAL-IR were seen in the medial preoptic area, 
periventricular preoptic area, anterior periventricular hypothalamus, lateral hypothalamus, 
arcuate nucleus, dorsomedial hypothalamic nucleus and solitary nucleus. Few 
immunoreactive cell bodies were observed in the internal zone of the median eminence. 
g70 
Numerous immunoreactive cells were observed in the ventral preoptic area at g70. 
An increase in the number of immunoreactive cell bodies in the lateral hypothalamus was 
also observed at this stage. 
g90 
Numerous immimoreactive cells were observed in the bed nucleus of the stria 
terminalis, medial amygdaloid nucleus, dorsolateral hypothalamus and basomedial 
amygdaloid nucleus. An increase in the number of immunoreactive cells was seen in the 
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arcuate nucleus at g90 (Fig. 6B) compared with earlier developmental stages. 
gllO 
A small population of immunoreactive cells was observed in the posterior cortical 
amygdaloid nucleus at gllO. An increase in the number of immunoreactive cells in the 
medial amygdaloid nucleus was evident at this stage. 
pnl 
Immunoreactive cells were observed in the zona incerta and in the dorsal 
endopiriform nucleus at pnl. An increase in immimoreactive cells was observed in the bed 
nucleus of the stria terminalis. A decrease in the number of immimoreactive cells was seen 
in the dorsomedial hypothalamic nucleiis (Fig. 5B) and arcuate nucleus (Fig. 6C) at pnl. 
pnlO 
A slight decrease in the number of immunoreactive cells was observed in the lateral 
hypothalamus at pnlO. 
pn20 
Immunoreactive cell bodies were observed in the Al/Cl cell group in the 
ventrolateral medulla at pn20. A uecrease in the number of immunoreactive cells was 
evident in the periventricular hypothalamic area, dorsomedial hypothalamic nucleus and 
lateral hypothalamus at pn20. 
pnSO 
No apparent differences in the localization of cell bodies were observed at pn50 
compared with earlier postnatal ages examined. 
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Galanin-like immunoreactivity in fibers 
The lcx:alization of galaiun-like inununoieactivity in fibers tbrougliout prepubertal 
development is summarized in Table 4. The following describes changes in localization and 
relative densi^  of immunoreactive fibers among the gestational and postnatal ages studied. 
g30 
A low to medium density of immunoreactive fibers was observed at g30 in the 
forming hypothalamus in the anterior, lateral, dorsomedial and posterior divisions (Fig. 2). 
A low density of fibers was seen m the preoptic area, presumptive arcuate nucleus of the 
hypothalamus, and in the mesencephalon at the cephalic flexure. 
gSO 
A low to high density of umnunoieactivity was seen in the median eminence at gSO, 
with the highest density present in the lateral portion (Fig. 4A). A medium density of 
immunoreactive fibers was present in the dorsomedial hypothalamic nucleus. A low to 
medium density of immimoreactivity was observed in the periventricular preoptic area and 
arcuate nucleus at g50. A low density of immunoreactivity was seen in the following areas: 
diagonal band of Broca, medial septum, lateral sqjtum, organum vasculosum of the laminae 
teiminalis, medial and lateral preoptic areas, anterior hypothalamus, periventricular 
hypothalamus, paraventricular hypothalamic nucleus, ventromedial hypothalamic nucleus, 
paraventricdiar thalamus, posterior hypothalamus, supramammillary nucleus, nucleus of the 
posterior commissure, ventral tegmental area, central gray, presumptive lateral parabrachial 
nucleus, presuniptive locus coeruleus, pontine reticular nucleus and solitaiy nucleus. 
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g70 
A medium to high density of GAL-IR was observed in the spinal tract of the 
trigeminal nerve at g70. A low to medium density of punctate immunoreactivity was 
observed in the dorsal motor nucleus of the vagus. A low density of GAL-IR was seen in 
the olfactory mbercle, medial amygdala and mammillary bodies. An increase in GAL-IR 
was seen in a number of structures at g70 as compared with earlier stages of development. 
The medial and periventricular preoptic areas displayed a medium density of GAL-IR, as did 
the lateral hypothalamus. A slight increase in immunoreactive density was also observed in 
the organum vasculosum of the laminae tenninalis, lateral preoptic area, paraventricular 
hypothalamic nucleus, paraventricular thalamic area and solitary nucleus. No 
immunoreactivity was observed in the pontine reticular formation at this stage of fetal 
development. 
g90 
A low density of immunoreactivity was observed in the bed nucleus of the stria 
tenninalis, and suprachiasmatic nucleus for the first time at g90. linmunoreactive density 
increased in the organum vasculosum of the lamina terminalis, lateral preoptic area, anterior 
hypothalamus, arcuate nucleus (Fig. 66) and spinal tract of the trigeminal nerve, caudal part 
at g90. 
gllO 
A low density of immunoreactivity was seen for the first time at gllO in the nucleus 
accumbens and area postrema. Immunoreactivity increased in the paraventriciilar 
hypothalamic nucleus, median eminence, medial amygdaloid nucleus and dorsal motor 
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nucleus of the vagus. A slight decrease in immunoreactive density was observed in the 
medial preoptic area at gllO. 
pnl 
A low density of immunoreactivity was observed in the islands of Calleja, supraoptic 
nucleus, dorsal raphe and medial parabrachial nucleiis at pnl. An increase in 
immunoreactivity was observed in the periventricular preoptic area, bed nucleus of the stria 
tenninalis, posterior hypothalamus, central gray and ventral tegmental area. 
pnlO 
An increase in immunoreactivity was observed at pnlO in the islands of Calleja, 
nucleus accumbens, organum vasculosum of the lamina tenninalis, periventricular 
hypothalamus (Fig. 3B), dorsomedial hypothalamic nucleus, dorsal raphe and locus 
coeruleus. 
pii20 
An increase in immunoreactivity was observed in the diagonal band of Broca, bed 
nucleus of the stria tenninalis, medial preoptic area, periventricular preoptic area and solitary 
nucleus at pn20. 
pnSO 
A low density of immunoreactivity was observed in the inferior colliculus at pn50. 
An increase in immunoreactivity was seen in the nucleus accumbens and lateral parabrachial 
nucleus. Immunoreactivity decreased in the dorsal raphe by pn50. 
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DISCUSSION 
Immunoreactivi^  for galanin in cell bodies and fibers was observed in the porcine 
brain at every age studied between g30 and pn50. The distribution and relative density of 
immunoieactive staining increased throughout prenatal development, exhibiting a pattern 
characteristic of later ages by pnl. Further increases in immunoreactive density were 
evident in some brain areas in the early postnatal period, especially in the areas immediately 
surrounding the third ventricle. Cell bodies displaying GAL-IR were visualized primarily 
in the preoptic area, hypothalamus (Figs. 2,5,6) and limbic (bed nucleus and amygdala) areas 
(Fig. 3A,C), with the exception of the solitary nucleus (Fig. 7) and Al/Cl catecholamine 
cells. A dramatic increase in the number of brain areas containing GAL-immunoreactive cell 
bodies was evident by late gestation (g90), but immimoreactive cell numbers abruptly 
decreased in the early postnatal period, particularly in the hypothalamus. This decrease is 
similar to the early postnatal decline ia the number of neuropeptide Y-immunoreactive cell 
bodies in the pig brain [52], and other peptides in the rat [59,60] and may be indicative of 
a postnatal increase in transport of the peptide from the cell body. The number of GAL-
immtmoreactive cell bodies in the hypothalamic arcuate nucleus decreased by pnl (Fig. 6C), 
but a population of immunoreactive cells were still detectable at pn50 (Fig. 6D). Very few 
cells containing neuropeptide Y-immunoreactivity were detectable at pn50 in the porcine 
arcuate nucleus [52]. 
No cell bodies displayed GAL-IR in the paraventricular hypothalamic nucleus, 
supraoptic nucleus, or locus coeruleus of the pig at any age smdied. Similarly, no GAL-
immunoreactive cell bodies were found in the supraoptic nucleus or locus coeruleus of non-
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colchicine-treated Cebus monkeys [27], whereas these nuclei contained robust populations 
of galanin-containing cells in the rat [24,42,61], human [27] and, with the exception of the 
locus coeruleus, the opossum [12], These differences may be due to the ages of pig studied, 
a species difference in localization or non-detection as a result of rapid transport of 
neuropeptide from the cell body. A previous study detected no galanin binding sites in the 
posterior pituitary of the pig [19], and retrograde tracing smdies in the rat indicated that the 
GAL in the posterior pituitary originated mainly from the paraventricular and supraoptic 
nuclei [3]. These reports support a true species difference in localization and function of 
GAL in the hypothalamo-neurohypophyseal system. The latter hypothesis of rapid transport 
is supported by the use of colchicine, an inhibitor of axonal transport, in previous studies of 
galanin localization in the rat [24,42,43,61]. However, colchicine treatment has been shown 
to increase galanin synthesis in the brain and even induce galanin expression in neuronal 
populations not normally expressing galanin [10], and thus was not used in this study. The 
localization of GAL messenger ribonucleic acid in the pig brain by in situ hybridization may 
be necessary to adequately address this question. 
Galanin-IR was detected in the highest density in the preoptic area, hypothalamus, 
median eminence and brainstem. This observation agrees with radioimmunoassay data from 
the pig [6,8] and compares favorably to previous results in the rat [8,42,54,61] and Brazilian 
opossum [12]. 
Development of GAL-IR in relation to other species 
The present smdy represents the first comprehensive immunohistochemical description 
of GAL-containing systems during prenatal development in the mammalian brain. The 
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results suggest that GAL-containing systems develop early in the pig brain, as GAL-IR was 
detected in cell bodies and fibers in the hypothalamus as early as g30. This is supported by 
a previous study which found GAL-IR in the pnl Brazilian opossum brain, prior to sexual 
differentiation or the completion of neurogenesis [12]. Galanin-like immunoreactivity was 
also present in the prenatal opossum brain at embryonic day 12, two days prior to birth [13]. 
However, GAL-IR was not detected in the brain of pnl rats in a previous stody [61]. This 
may represent a fimdamental difference in development of GAL-containing systems io the 
rat, or may be due to other factors, such as technical considerations or a transient expression 
of GAL during embryonic development in the rat. Detectable levels of GAL were found by 
radioimmimoassay at embryonic day 15 in the rat brain [17]. The presence of GAL-ER in 
the brain as early as g30 in the pig, as well as the early expression of GAL in the opossum 
[12,13], suggests that GAL may be playing a yet imdefined role during the development of 
the brain. 
Galanin-IR was detected almost exclusively in hypothalamic structures in the g30 pig 
brain. The localization of GAL-IR cell bodies in the g30 pig brain was similar to that seen 
in the pnl opossum [12]. However, GAL-IR in fibers was detected in the brainstem of the 
opossum, whereas none was detected imtil g50 in the pig brain. This result suggests that the 
expression of GAL in the hypothalamus may precede its expression in the brainstem, or may 
reflect a species difference in the early ontogeny of GAL-IR in the brain. 
Distribution of GAL in relation to other peptides in the pig brain 
The distribution of GAL-IR in fibers in the porcine hypothalamus suggests that GAL 
may play a role in the control of hypothalamic-hypophysial hormone secretion. Galanin is 
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involved in the control of GH secretion in the rat [7,25,37,46,48,67]. Galanin 
administration, either centrally or peripherally, increases plasma GH levels in the rat [48], 
presumably by stimulating the release of GH-releasing hormone (GHRH) [46]. Galanin 
intravenously injected into rats not only increased blood concentrations of GH in a time- and 
dose-dependent manner, but also increased somatostatin (SS) messenger ribonucleic acid 
(mSNA) in the hypothalamus and pituitary gland [7]. Thus, a GAL-induced increase in GH 
may increase SS synthesis in a classic feedback fashion. Conversely, injection of polyclonal 
galanin antiserum decreased basal plasma GH concentrations and completely blocked the 
ability of GH-releasing peptide (GHRP) to stimulate GH secretion [67]. These results 
suggest that neuroendocrine mechanisms underlying the stimulatory effect of GHRP on GH 
release involve hypothalamic and/or pituitary galanin. Galanin fibers also innervate SS 
neurons in the periventricular nucleus of the rat hypothalamus [33], and thus may farther 
modulate GH secretion through SS. Dense GAL-IR is detected in the periventricular 
hypothalamus where SS neurons have been detected in the porcine brain [28]. It is not 
known whether fibers displaying GAL-IR directly contact SS neurons as has been shown in 
the rat, but this close apposition suggests that GAL may affect SS secretion in the pig also. 
Additionally, cell bodies displaying GAL-IR are localized in the arcuate nucleus of the 
hypothalamus, one site of GHRH neurons in the porcine brain [28]. Galanin and GHRH are 
co-localized in cells in the rat [47] and monkey [41] arcuate nucleus. It is not known, 
however, whether these peptides are co-localized in the pig. As GH administration to both 
Chinese [39] and American breeds of pigs [9,15,35] improves production characteristics, 
further study into the role of GAL in regulation of GH secretion in this species is warranted. 
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Galanin is stimulatoiy to LH secretion [34,55,56]. Galanin-IR in fibers was detected 
in the organum vasculosum of the lamina terminalis, preoptic area and anterior hypothalamus 
of the pig, where LHRH cell bodies are localized [23]. Thus, it is possible that galanin 
released from nerve terminals may affect LHSH cells directly. Also, in the rat, galanin is 
colocalized with LHRH in cells of the organum vasculosum of the lamina terminalis, 
diagonal band of Broca and medial preoptic area, with a higher rate of colocalization in 
females than seen in males [44]. It is not known whether a similar relationship is found in 
the pig, but cell bodies displaying GAL-IR were localized in areas displaying LHRH cells 
[23]. Due to the dense GAL-IR detected in the median eminence, GAL may affect the 
release of hypophysiotrophic hormones directly at that site as well. 
Conclusions 
The present smdy describes the distribution and development of GAL-IR in the 
prepubertal Meishan pig brain. These results show a similar distribution to that of other 
species; however, the early detection of GAL-IR in the porcine brain suggests that GAL may 
play a yet undefined role during development of the brain. Galanin-IR was present in the 
porcine brain in areas that have been shown to participate in the control of food intake, 
growth and reproduction in other mammalian species, and thus may be an important peptide 
to study further in agricultural species. Because of marked differences in reproductive 
success and body composition between Chinese and American/European breeds of pigs, 
further studies conq)aring the relative expression of GAL between these breeds are 
warranted. 
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TABLE 1 
Number of sets of coronal sections of porcine brain collected and approximate interval of 
sections processed for immunohistochemistry 
AGE g30 g70 g90 ellO-pnSO 
sets coUected 2 4 6 12 18 
interval (pm) 20 60 100 495 765 
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TABLE 2 
Abbreviations of brain areas used in tables 
A1 A1 noradrenaline cells 
AH anterior hypothalamic area 
AP area postrema 
ARC arcuate nucleus 
BM basomedial amygdaloid nucleus 
BST bed nucleus, stria terminalis 
CI CI adrenaline cells 
CG central gray 
DBB diagonal band of Broca 
DEn dorsal endopiriform nucleus 
DLH dorsolateral hypothalamic area 
DM dorsomedial hypothalamic nucleus 
DMX dorsal motor nucleus of the vagus 
DR dorsal raphe nucleus 
IC inferior coUiculus 
ICap internal capsule 
ICj islands of Calleja 
LC locus coeruleus 
LH lateral hypothalamic area 
LPB lateral paiabrachial nucleus 
LPO lateral preoptic area 
LS lateral septum 
ME median eminence 
MeA medial amygdaloid nucleus 
MM mammillary area 
MPA medial preoptic area 
MPB medial parabrachial nucleus 
MS medial septum 
nAc accumbens nucleus 
OVLT organum vasculosum of the lamina 
terminalis 
PCo posterior cortical amygdaloid nucleus 
PCom nucleus of the posterior commissure 
PCRt parvocellular reticular formation 
Pe periventricular hypothalamus 
PH posterior hypothalamus 
PV paraventricular thalamic nucleus 
PVN paraventricular hypothal amic nucleus 
PvPOA periventricular preoptic area 
SCN suprachiasmatic nucleus 
Sol solitary nucleus 
SON supraoptic nucleus 
Sp5c spinal tract of the trigeminal nerve, 
caudal part 
St solitary tract 
SuM supramammillaiy nucleus 
Tu olfactory mbercle 
VMH ventromedial hypothalamic nucleus 
VTA ventral tegmental area 
H zona incerta 
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TABLES 
Distribution of galanin-like immunoreactivi^  in the developing porcine brain: Cell Bodies 
AREA g30 g50 g70 g90 gllO pnl pnlO pn20 pn50 
Telencephalon 
BST NA - - + + + + + + + + + + + + 
BM NA - - + + + + + + + + + + + + 
DEn NA - - - - + + + + + + + + 
MeA NA - - + + + + + + + + + + + + 
PCo NA - - - + + + + + + + + + + 
Diencephalon 
AH + + + + + + -1- + + + + 
ARC - + + + + + + + + + + + + + + + + 
DLH NA - - + + + + + + + + + + + + 
DM - + + + -1- + + + + + + + + + + + + 
LH + + + + + + + + + + + + + + + + + + 
ME NA + - - - - - - -
Pe NA + + + + + + + + + + + + + + + + 
MPA + + 4- + + + + + + + + + + + + + + 
pvPOA NA + + + + + + + + + + + + + + + + 
ZI NA - - - - + + + + + + + + 
Myelencephalon 
Al/Cl NA - - - - - - + + + + 
Sol NA + + + + + + + + + + + + + + + + 
'-Abbreviations of brain areas can be found in table 2. ^-Symbols used in this table refer to 
the following: no cell bodies detected in area or nucleus studied; +, less than 10 cell 
bodies detected in area or nucleus; ++, more than 10 cell bodies detected in area or 
nucleus; NA, area not applicable or not studied. Due to immaturity of brain structures, 
many brain areas cannot be defined at g30 and are thus listed as NA. 
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TABLE 4 1 X>UCt
Distribution of galanin-like immunoieactivity in developing porcine brain: Fibers 
AREA g30 g50 g70 g90 gllO pnl pnlO Dn20 pn50 
Bhinencephalon 
ICji NA  ^ L L/M L/M L/M 
Tu NA - L L L L L L L 
Telencephalon 
BST NA L L L/M L/M M M 
DBB NA L L L L L L L/M L/M 
LS NA L L L L L L/M L/M L/M 
MeA NA - L L L/M L/M L/M L/M L/M 
MS NA L L L L L L L L 
nAc NA - - - L L UM LM M 
Diencephalon 
AH L/M L L L/M L/M L/M L/M L/M L/M 
ARC L LM L/M M/H M/H M/H M/H M/H M/H 
DM IVM M M M M M M/H M/H M/H 
LH L/M L/M M M L/M L/M L/M L/M L/M 
LPO NA L L L/M LM L/M L/M L/M LM 
ME NA L/H L/H L/H Mm M/H M/H MjOI M/H 
MM NA - L L L L L L L 
MPA L L M M LM L/M L/M M/H Mm 
OVLT NA L L/M M M M M/H M/H M/H 
Pe NA L M M M M M/H M/H M/H 
PH UU L L L L L/M L/M L/M L/M 
PV NA L M M M M M M M 
PVN NA L L/M L/M M M M M M 
PvPOA NA L/M M M M M/H M/H H H 
SCN NA - - L L L L L L 
SON NA - - - - L L L L 
SuM NA L L L L L L L L 
VMH NA L L L L L L L L 
Mesencephalon 
CG NA L L L L L/M L/M L/M L/M 
DR NA - - - - L L/M L/M L 
IC NA - - - - - - - L 
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PCom NA L L L L L L L L 
VTA L L L L L LM L/M L/M LAI 
Metencephalon 
LC NA L L L L L/M M M M 
LPB NA L L L L L/M L/M L/M M/H 
MPB NA - - - - L L L L 
PCRt NA L L L L L L L L 
Myelencephalon 
AP NA L L L L L 
DMX NA - L/M L/M M M M M M 
Sol NA L liM L/M L/M L/M L/M L/H L/H 
Sp5 NA - M/H H H H H H H 
'-Abbreviations of brain areas can be found in Table 2. ^-Symbols used in the table refer 
to the following: no inmmnoreactivity detected; L, low density of immunoreactivity 
detected; M, medium density of immunoreactivity detected; H, high density of 
immunoreactivity detected; and NA, area not applicable or not studied. Due to immaturity 
of brain structures, many brain areas cannot be de^ed at g30 and are thus listed as NA. 
Figure 1. Examples of galanin-like immunoreactivity in porcine brain classified as being 
either low, medium or high density. 
Low 
Medium 
High 
Figure 2. Galanin-like immunoieactivity in the gestational day 30 pig biain. A-
hypothalamus, coronal section; B-hypotfaalamus, sagittal section. Magnification bar 
indicates 100/an. Both photomicrographs are at the same magnification level. 
Abbreviations: 3V-third ventricle, c-caudal, r-rostral. 

Figure 3. Galaoin-like iimnunoreactivity in the pig brain. A-bed nucleus of the stria 
terminalis, medial division, postnatal day (pn) 10; B-periventricular hypothalamus, pnlO; 
C-medial amygdaloid nucleus, pnl. Magnification bar indicates lOO^m. All 
photomicrogr^hs aie at the same magnii^ cation level. Abbreviation: 3V-third ventricle. 

Figure 4. Galanin-like mununoreactivity in the developing median eminence. A-
gestational day (g) 50; B-g70; C-g90; D-postnatal day 50. Magnification bars indicate 
50 .^ All photomicrographs are from sections in the coronal plane. Abbreviations: 3V-
third ventricle, ARC-arcuate nucleus, IZ-intemal zone. 

Figure S. Galanin-like immunoreactivity in the developing dorsomedial hypothalamic 
nucleus. A-gestational day 90; B-postnatal day 1. Magnification bar indicates 100/mi. 
Both photomicFOgraphs are at the same magnification level. The third ventricle is the 
space on the left of both photomicrographs. Arrowheads in A indicate dense 
counterstaining in the ependynia. 

figure 6. Galanin-like immunoreactivity in the developing arcuate nucleus. A-gestational 
day (g) 70; B-g90; C-postnatal day (pn) 1; D-pn50. Magnification bar indicates 100/an. 
All photomicrographs are at the same magnification level. Abbreviation: 3V-thini 
ventricle. Arrowheads indicate dense counterstaining in the ependyma. 

Figure 7. Galanin-like inunimoreactivity in the solitary nucleus and dorsal motor nucleus 
of the vagus, postnatal day 1. Magnification bar indicates 100/im. Abbreviations: 
DMX-dorsal motor nucleus of the vagus, st-solitary tract. 
DMX 
Figure 8. Galanin-like immunoreactivity in the spinal tract of the trigeminal nerve, 
caudal part, postnatal day 10. Magnification bar indicates 100 .^ 
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CHAPTER 3: THE PREPUBERTAL ONTOGENY OF LUTEINIZING HORMONE-
RELEASING HORMONE-LIKE IMMUNOREACTTVITY IN THE TELENCEPHALON 
AND DIENCEPHALON OF THE MALE MEISHAN PIG BRAIN 
A paper submitted for publication in Developmental Brain Research (1995) 
Paul L. Pearson, Lloyd L. Anderson, and Carol D. Jacobson 
SUMMARY 
Luteinizing hormone-releasing hormone (LHRH) is a decapeptide that regulates 
reproductive function and behaviors in mammalian species. Due to the importance of proper 
reproductive function and efficiency in agricultural species, we have investigated the 
prepubertal ontogeny of LHRH-like immunoreactiviQr (-IR) in the male Meishan pig. The 
Meishan is a Chinese bteed known for reproductive traits including increased litter size and 
precocial puberty, but slow growth and obesity. 
Brains of animals from gestational day (g) 30, 50, 70, 90 and 110 and postnatal day 
(pn) 1, 10, 20 and 50 (duration of pregnancy averaged 114 days) were processed using a 
standard immunohistochemical technique utilizing a commercially available rabbit anti-LHRH 
antibody. Luteinizing hormone-releasing hormone-IR in cell bodies and fibers was detected 
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at g30 entering the brain via the terminal nerve and in the septal region of the basal 
telencephalon. The number of immunoreactive cells increased at g50 and cells were 
localized primarily to the septum, organum vasculosum of the lamina terminalis, preoptic 
area and lateral hypothalamus, whereas immunoreactive fibers were present throughout the 
septum and hypothalamus and had reached the median eminence. The density and 
distribution of immunoreactive fibers increased by g70 and g90, but did not change 
dramatically &om g90-p£i50. These results indicate that LHRH may be present in the 
Meishan brain earlier during development and fibers containing LHRH-ER appear to reach 
the median eminence earlier than previously reported for the domestic pig. These results 
suggest a breed difference in the ontogeny of reproductive control systems in the pig. Future 
studies utilizing direct comparisons between domestic and Chinese breeds will be requked 
investigate the apparent differences in the ontogeny of LHRH-containing systems in the pig. 
INTRODUCTION 
Luteinizing hormone-releasing hormone (LHRH), also called gonadotropin releasing 
hormone, is a decapeptide originally isolated from porcine tissue [36]. Luteinizing hormone-
releasing hormone is secreted from the brain at the median eminence and via the 
hypothalamo-hypophyseal portal blood causes the release of both luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) from the anterior pituitary gland [reviewed in 22,25]. 
The secretion of LHRH is controlled by several factors including circulating steroid hormone 
levels and the neuropeptides galanin (GAL) and neuropeptide Y (NPY) 
[25,26,28,32,33,34,44,45,53,55,56,73]. Luteinizing hormone-releasing hormone is also 
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involved in tbe regulation of reproductive behaviors [43,51]. 
The inununohistochemical distribution and development of the LHRH system in the 
brain has been investigated in a nimiber of species including the chick [66], Brazilian 
opossum [59], mouse [16,61] rat [21,22,24,39,40,41,42,60,63,65], hamster [5,23], guinea 
pig [62,64], sheep [8], pig [9,11,28,29,31,37,52], macaque [54] and human [3]. In rodents, 
LHRH-producing neurons develop early in gestation in the olfactory epithelium and migrate 
into the brain via the terminal nerve. These cells then disperse to locations in the septum, 
diagonal band, organtmi vasculosum of the lamina terminalis (OVLT), preoptic area and 
hypothalamus [16,21,22,39,60,61,62]. Previous smdies have shown that 50% or more of 
all LHRH-immunoreactive cells project to the median eminence [42,65], where LHRH can 
be secreted into the portal system to affect anterior pituitary secretion. 
Previous studies in domestic breeds of pigs have investigated the ontogeny of LHRH-
like immunoreactivity (LHRH-IR) during prenatal development [11,52]. These smdies have 
indicated that LHRH-IR is present as early as gestational day (g)40 in the brain and 
immunoreactive fibers project to the median eminence by g60, prior to the appearance of the 
portal capillaries [11]. We have utilized the Meishan pig, a Chinese breed known for 
superior reproductive characteristics [1,14,18,19,20,72,75] including precocial puberty 
[19,35], but slow growth and poor feed efficiency [30], to study the prepubertal development 
of LHRH-IR. 
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MATERIALS AND METHODS 
Animals 
Purebred Meishan pigs were obtained from the breeding population maintained at the 
Iowa State University Animal Reproduction Farm. The animals and procedures used were 
in accordance with the guidelines and approval of the Iowa State University committee on 
animal care. Boars were allowed access only to sows in estrus and the date of breeding was 
designated as gO. The day of birth was designated as postnatal day (pn)l. Gestation 
averaged 114 days. At least four intact male animals from at least two different litters were 
used at each time point in this smdy (gSO, g70, g90, gllO, pnl, pnlO, pn20, and pn50). At 
g30, the earliest time point smdied, the gender of the animals could not be determined by 
external visual inspection, and thus four animals were used that were considered sexually 
undifferentiated. Pigs euthanized at pn50 in this study were weaned at pn21 and given ad 
libitum access to a standard com/soybean diet (18% protein) until the date of termination. 
Tissue preparation 
Prenatal fetuses were obtained by electrocution and immediate exsanguination of the 
sow, followed by removal of the fetuses from the gravid uterus. At g30, fetal heads were 
removed and post-fixed 48 hours in 4% paraformaldehyde (pf). At g50, fetuses were 
perfused transcardially with ice-cold 4% pf, the heads removed, the brain exposed, and 
postfixed 48 homrs in 4% pf. At g70-110, the femses were perfused transcardially with 
0.9% NaCl followed by ice-cold 4% pf, the brains removed and postfixed 24-48 hours in 
4% pf. At all postnatal ages, animals were euthanized with an intraperitoneal injection of 
a lethal dose of sodium pentobarbital, perfused transcardially with 0.9% NaCl followed by 
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ice-cold 47o pf. Brains were removed, blocked, and post-fixed 24-48 homx in 4% pf. 
Following post-fixation, all brains were sunk in 30% sucrose at 4°C and sectioned on 
a cryostat (Reichert-Jung). For g30-g70, brains were cut at 20 ;^ m and thaw-mounted onto 
poly-L-lysine coated slides, dried overnight at 35°C, and stored at 4®C until processed for 
immunohistochemistry. At all other ages, brains were cut at 45faji into wells containing 
cryoprotectant solution [71], and stored at -20°C until processed for immunohistochemistry. 
At all ages, brains were sectioned in the coronal plane. At g30, additional heads were 
sectioned in the horizontal or sagittal planes. Brains of g50 and older animals were sectioned 
from the genu of the corpus callosimi (rostral) to the spinomedullary junction (caudal). In 
g90 and older animals the cerebellum was removed prior to sectioning and was not 
processed. 
Immunohistochemistry 
The protocol utilized for immunohistochemistry was modified from that reported 
previously firom our laboratory for the pig brain [48,49]. Tissue mounted on slides was 
washed with 50mM potassiimi phosphate buffered saline (KPBS), incubated with 1 % H2O2 
to remove endogenous peroxidase activity, exposed to 1.5% normal goat serum (NGS), 1% 
bovine serum albtmiin (BSA) and 0.4% Triton X-100 (Sigma) as a blocking agent. The 
tissue was then incubated in rabbit anti-LHRH (Incstar; 1:5000) in blocking serum containing 
1% NGS, 1% BSA and 0.4% Triton X-100 for 20 hours at room temperature in a 
humidified chamber. Following adequate washing, the tissue sections were incubated in goat 
anti-rabbit IgG (Kirkegaard & Perry Laboratories; 2/ig/ml) in diluent (KPBS containing 5% 
nonfat powdered milk and 0.25% Triton X-100) for 2 hours at room temperature, rinsed. 
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and reacted with streptavidin-peroxidase (Kirkegaard & Perry Laboratories; 2#4g/ml) in 
diluent for 1 hour at room temperature. After washing, the sections were stained by reacting 
them with 0.04% 3,3'-diaminobenzidine solution (Sigma), 2.5% nickel sulfate (Sigma), and 
0.01% H2O2, dissolved in O.IM sodium acetate. After staining for 15-20 minutes, the 
reaction was terminated by two consecutive rinses in 0.9% NaCl. Sections were 
counterstained with neutral red (Fisher Scientific) and then dehydrated in graded alcohols, 
cleared in xylene, coverslipped with Permount (Fisher Scientific) mounting media, and 
analyzed with a light microscope. 
Tissue cut into wells and stored in cryoprotectant was processed for 
immunohistochemistry by a free-floating tissue technique utilizing plastic weigh boats with 
screens, as previously described for pig tissue [48,49]. In addition, the following 
modifications from the previous protocol were made: 1) Incubation in primary antibody 
solution was conducted at 4°C for 20 hours; and 2) Following staining, tissue sections were 
moimted onto gelatin-coated slides, air-dried overnight, then counterstained and processed 
as above. 
Section Intervals 
Due to the size differences during brain development, brains were sectioned and 
collected ia sets. The number of sets and approximate interval of sections processed for 
immunohistochemistry for each age is listed in Table 1. One set of sections from each brain 
was processed for every animal at ages g30, g50, g70, pnlO, pn20 and pn50. Two sets were 
run simultaneously for ages g90, gllO, and pnl. 
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Controls 
Negative controls were included in each run and consisted of omission of the primary 
antiserum ficom the diluent. No staining was observed in any negative control section (not 
shown). Preabsorption controls were conducted and consisted of incubation of the primary 
antiserum with S.SfiM LHRH (Safolin, Co.) at 4®C for 20 hours prior to use. All staining 
in a g30, g50, g70 and pnl brain was abolished by this procedure (not shown). Incubation 
of the primary antiserum with 5/ig/mI recombinant protein A (Calbiochem-Novabiochem 
Corporation) prior to immunohistochemical staining was conducted as a proposed control for 
nonspecific staining of magnocellular neurons [37,69,70]. This procedure blocked non­
specific cytoplasmic staining of cells in the paraventricular and supraoptic nuclei of the 
hypothalamus, but failed to block immunohistochemical staining of other immimoreactive cell 
bodies in adjacent sections in the pnl brain (not shown). 
Analysis of Tissue 
Sections containing the diencephalon and telencephalon were examined with the light 
microscope and brain regions containing LHRH-IR were identified. Structures in the brain 
during early development were compared to atlases of developing mouse brain [58] and rat 
brain [47]. Other ages were compared to the rat atlas [46], cat atlas [3] and previous 
descriptions of the pig brain [57,67]. Use of neuroanatomical terminology and abbreviations 
followed Paxinos et al. [47] for g30 and g50 brains and Paxinos and Watson [46] for older 
animals, except in cases where subnuclear groups or areas defined in the rat could not be 
clearly identified from coxmterstained tissue of the pig brain. Nuclear groups which could 
not be clearly defined by cellular characteristics or by location due to absence of landmarks 
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during development were denoted as 'presimiptive' nuclei. Abbreviations of nuclear groups 
contained in tables and figures are defined in Table 2. The number of cell bodies displaying 
immunoreactivity was described as few (less than 10) or numerous (greater than 10) cell 
bodies in a brain area or nucleus in the processed sections. Immunoreactivity that was not 
confined to cell bodies was subjectively classified as having a low, medixmi or high density 
in an area or nucleus as shown in Figure 1. Although such immunoreactivity not contained 
in cell bodies may be contained in nerve fibers, terminals or other processes, these cannot 
be readily distinguished in all cases, especially in coronal sections where fibers may be 
running perpendicular to the plane of section. Thus, immunoreactivity not contained in cell 
bodies was described as 'fibers' in all cases, unless specifically noted. (Qualitative 
differences in immunoreactive staining patterns between timepoints are described in the 
following section. 
RESULTS 
LHRH-like Immunoreactivity in Cell Bodies 
The localization of LHRH-IR detected in cell bodies is shown for all ages smdied in 
Table 3. The following descriptions detail changes in localization or relative numbers of 
inmiunoreactive cell bodies between the ages studied. 
g30 
Numerous cell bodies displaying LHRH-IR were detected in the basal telencephalon 
of the g30 pig brain. Cell bodies were seen in midsagittal sections and in coronal sections 
and were localized to the medial surface of the brain in the preseptal area and along the 
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terminal nerve and tenninal ganglion (Fig. 2A). These cell bodies (along with associated 
inmimioreactive fibers) formed two arching pathways into the basal telencephalon (Fig. 2B), 
one running near the ventral surface of the brain and the other extending into the septal area. 
Few to numerous immimoreactive cells were seen in the presumptive medial septum. Cell 
bodies displaying immunoreactivity at g30 were generally lightly stained. Immunoreactive 
cells were also detected in some animals in the olfactory epithelium near the basal 
telencephalon. 
gSO 
Numerous immunoreactive cells were seen along the midline of the brain in the septal 
area, in the medial septum, OVLT (Fig. 3A), medial preoptic area, lateral preoptic area, and 
lateral hypothalamus. Few immunoreactive cells were seen in the dorsal lateral septum. 
gf70 
Numerous immimostained cell bodies were seen for the first time in the median 
preoptic nucleus at g70. A few inmiiuioreactive cells were observed in the periventricular 
hypothalamus. An increase in the number immunoreactive cell bodies was seen in the 
medial preoptic area. A decrease in immimoreactive cell bodies was seen in the medial 
septum at g70. 
g90 
A few immunoreactive cells were detected in the anterior hypothalamus for the first 
time at g90. One cell was seen in the anterior commissure and medial amygdala in one 
animal but was not Seen in the other animals. 
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gllO 
A few immunoreactive cells were seen in the diagonal band of Broca at the level of 
the OVLT for the first time at gllO. One immmioreactive cell was seen in the dorsal 
hypothalamus in each of two animals and one immunoreactive cell was seen in the arcuate 
nucleus of one animal. The number of immunoreactive cells seen per section in the medial 
preoptic area, lateral preoptic area and lateral hypothalamus was lower than at g90. This 
decrease may result from brain growth between g90 and gl 10 rather than an actual drop in 
immunoreactive cell numbers. 
pnl 
An immunoreactive cell was seen in the posterior hypothalamus in one animal at pnl. 
An increase in the number of immunoreactive cells was seen in the diagonal band of Broca. 
Only a few immunoreactive cells were detected in the lateral preoptic area at pnl. 
pnlO-pnSO 
One immimoreactive cell was seen in the arcuate nucleus in one animal at pnlO and 
pn50. No other differences in cell body localization were observed from pnl0-pn50. 
LHRH-like Immunoreactivity in Fibers 
The localization of LHRH-ER in fibers is shown for all ages smdied in Table 4. The 
following descriptions detail changes in localization or relative density of immunoreactivity 
between the ages smdied. 
g30 
A low to medium density of immunoreactive fibers was visualized in the basal 
telencephalon entering the brain along the terminal nerve (Fig. 2A). A low density of fibers 
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was seen in the piesunqitive medial septum and the basal telencephalon projecting towards 
the forming preoptic area (Fig. 2B). A low density of fibers was also observed in the 
forming internal capsule. 
g50 
A medium density of immimoreactive fibers was seen along the midline of the brain 
in the septum and in the lateral hypothalamus. A low to medium density of fibers was seen 
in the medial septum, diagonal band of Broca, optic tract, in the area lateral to the median 
eminence and in the supramammillary nucleus. A low density of fibers was seen in the 
lateral septum (dorsal division), corpus callosum, OVLT (Fig. 3A), medial preoptic area, 
lateral preoptic area, optic chiasm, medial amygdala, anterior hypothalamus, dorsolateral 
hypothalamus, paraventricular thalamus, arcuate nucleus and posterior hypothalamus. A low 
density of immunoreactivity was also seen in die ventromedial nucleus and dorsomedial 
nucleus of the hypothalamus in one animal. A very low density of immimoreactive fibers 
was seen in the median eminence at gSO (Fig. SA). 
g70 
A low to medium density of immunoreactivity was seen in the median preoptic 
nucleus and subfornical organ at g70. A low density of immunoreactivity was seen in the 
lateral septum (ventral division), fornix, periventricular preoptic area, periventricular 
hypothalamus, paraventricular hypothalamic nucleus, posterior cortical amygdala, and 
mammillary bodies at g70. An increase in immunoreactivity was observed in the diagonal 
band of Broca, OVLT (Fig. 3B), lateral preoptic area, medial preoptic area, anterior 
hypothalamus, and median eminence (Fig. 5B). A slight decrease in immimoreactivity was 
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seen in the optic tract and supramanunillary nucleus at g70. 
g90 
A low density of immunoieactivity was detected in the supraoptic nucleus, 
suprachiasmatic nucleus, bed nucleus of the stria terminalis, dorsal hypothalamic area, 
reuniuns thalamic nucleus, and centromedial thalamic nucleus for the first time at g90. An 
increase in immunoreactive density was observed in the periventricular preoptic area, 
subfornical organ, periventricular hypothalamus, and median eminence. A slight decrease 
in immunoreactivity was seen in the medial septum, midline of the brain in the septal area, 
diagonal band of Broca and posterior hypothalamus. Immunoreactive fibers in the ventral 
anterior hypothalamus were seen running parallel to the optic chiasm and could be followed 
from the lateral hypothalamic area to the midline of the brain (Fig. 4A). 
gllO 
An increase in immunoreactive density was observed in the ventral anterior 
hypothalamus (Fig. 4B) and median emmence at gllO (Fig. 5C). A decrease in 
immunoreactivi^  was observed along the midline of the brain in the septal area. No 
immunoreactivity was observed in the corpus callosum or medial amygdaloid nucleus at 
gllO. 
pnl 
A slight increase in immunoreactivity was seen in the arcuate nucleus and OVLT 
(Fig. 3D) at pnl. No immunoreactiviQr was seen in the centromedial thalamic nucleus or 
reimiims thalamic nucleus at pnl. 
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pnl0-pn50 
No differences in inununoreactivity were detected from pnl0-pn50. 
DISCUSSION 
LHRH-IR in the pig brain 
Luteinizing hormone-releasing honnone-IR was detected in the Meishan pig brain in 
cell bodies and fibers at every age from g30-pn50. At g30, cells displaying LHRH-IR were 
seen entering the base of the brain in the basal telencephalon along the terminal nerve, and 
along the midline of the brain in the basal telencephalon. At g50, immunoreactive cells were 
seen in the septum, OVLT, preoptic area and hypothalamus and the distribution of 
immunoreactive cells expanded at g70 but remained virtually identical throughout prepubertal 
development. Immimoreactive fibers were detected at g30 in the basal telencephalon with 
some fibers extending toward the presumptive preoptic area. Immunoreactive fibers were 
seen throughout the septum, diagonal band of Broca, OVLT, preoptic area and hypothalamus 
at g50 and LHRH-IR in fibers was detected in the median eminence at this age. The density 
of immunoreactivity increased in the brain at g70 and g90, especially in the median 
eminence. Further increases in immunoreactivity were evident in the OVLT in the postnatal 
period. However, the distribution of immunoreactive fibers remained virtually identical from 
gll0-pn50. These results suggest that cells containing LHRH appear very early in gestation 
in the pig (g30), migrate to their respective locations and innervate the median eminence by 
mid-gestation (g50-g70). These results further suggest that LHRH neurons are localized 10 
days earlier in the brain of the Chinese Meishan breed than in the domestic pig, and that 
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LHRH-IR in fibers reaches the median eminence 10 days prior to that seen previously and 
before the differentiation of capillary loops in the median eminence [11], In addition, 
immunoreactive cells were also detected in the hypothalamus at g50, whereas they were 
limited to the paraolfactory and precommissural areas and OVLT in the previous study [11]. 
Another study of LHRH in the Landrace breed of pig did not detect immunoreactive cell 
bodies or fibers until g72 and the density of immunoreactive staining was less than the 
present stody at both g72 and gllO [52]. However, these smdies utilized paraffin-embedded 
tissue, which has been subsequently shown to reduce the amount of immunoreactive LHRH 
present [24]. This procedural difference or differences in immunohistochemical techniques 
may be responsible for the discrepancies seen between this study and previous reports. 
However, these results extend the findings of the previous studies and confirm the olfactory 
origin and apparent migration into the brain of cells containing this peptide in the pig. 
Direct comparison of tissue from domestic and Chinese pigs of the same gestational age 
should be made to confirm these results. This is the first report of the immunohistochemical 
distribution of LHRH-ER in the postnatal male pig brain. The distribution and density of 
immunoreactivity in the postnatal male Meishan pig is similar to that reported in the sexually 
mature female domestic crossbred pig [28]. 
Comparison with other species 
The distribution of UIRH immunoreactivity during prenatal development follows very 
closely that seen in other species [7,16,21,54,59,61,62,66], with cells displaying LHRH-IR 
being localized first in the terminal nerve and presumptive septal area. The arching pattern 
of immunoreactive cells and fibers seen in the basal telencephalon at g30 in this smdy (Fig. 
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2B) is strikiiigly similar to that seen in the mouse [61]. Immunoreactive cells are then 
localized to the septum, diagonal band, OVLT/preoptic area and hypothalamus at later 
developmental ages. No immunoreactive cell bodies were detected at any age in the 
suprachiasmatic nucleus of the pig in contrast to that seen in the hamster [23], rat [39] and 
guinea pig [62,64], or in the supraoptic nucleus as in the Brazilian opossimi [59]. Only an 
occasional immunoreactive cell was observed in the hypothalamic arcuate nucleus in the pig, 
unlike the robust population observed in the guinea pig [62,64], mouse [16], sheep[8] and 
macaque [54]. This may be a species difference, as no immunoreactive cell bodies are 
reported in the arcuate nucleus of the Brazilian opossum [61], hamster [23] or rat 
[21,22,39,63]. 
LHRH, NPY and GAL in the Meishan pig brain 
Neuropeptide Y and GAL have been shown to participate in the regulation of LHRH 
secretion and responsiveness of the pituitary to LHRH 
[25,26,27,32,33,34,44,45,53,55,56,73]. Inaddition, LHRH has been co-localized with GAL 
in cell bodies of the OVLT and diagonal band of Broca in the rat, primarily in females 
[38,40,41]. Our previous smdies indicate that NPY-like immunoreactivity (-IR) and GAL-IR 
are both present in the median eminence of the Meishan brain at g50 [48,49], the same 
timepoint LHRH-IR was seen in the median eminence in this study. Luteinizing hormone-
releasing hormone-IR is detected in cell bodies in the OVLT and preoptic area, both areas 
where cells containing NPY-IR and GAL-IR were localized [48,49]. It is not known whether 
GAL and LHRH are co-localized in the pig as in the rat [38,40,41] or if NPY and LHRH 
are co-localized in the pig. 
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Our previous studies indicated an early postnatal decrease in inimunoreactive cell 
bodies, particularly in the hypothalamus, for both NPY and GAL [48,49]. No similar 
decrease was detected in this study, however, suggesting that the previous observations are 
probably not due to technical considerations regarding the age of tissue being processed. 
Functional development of the gonadotropic axis in the pig 
The pig undergoes gonadal differentiation at g26 [50], and a period of elevated serum 
testosterone levels in the male fetus occurs between g35 and g40 [12]. The results from this 
study indicate that LHRH producing cells are present in the Meishan brain as early as g30, 
with LHRH-IR in fibers first reaching the median eminence at g50. This is prior to the 
differentiation of capillary loops in that structure (g70) in the domestic pig [11]. Cells 
containing LH first appear in the porcine pituitary at g40 [10] or g45 [11] with the &st FSH-
containing cells appearing at g45 [10] or g60 [11]. These studies indicate that the 
gonadotropic cells reach adult levels and appearance by g80 [11] or g90 [10]. The fetal pig 
pituitary will secrete LH in response to electrical or electrochemical stimulation of the 
hypothalamus at g80, but not g60. In addition, the basal plasma LH levels doubled between 
g60 and gSO [6]. Together, these results suggest that the hypothalamo-pituitary relationship 
is not established until g70 or gSO and that LHRH is not important in the differentiation or 
functioning of the pituitary at ages prior to that time period. It has been suggested, however, 
that LHRH cells outside of the brain (associated with the terminal ganglion) could secrete 
into the subarachnoid space to affect the pituitary before the portal vessels appear in the rat 
[21,60]. Due to the early appearance (g30) of LHRH-IR in cell bodies outside of the brain 
seen in this study, it is possible that LHRH could affect the differentiation or function of the 
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pituitaiy in this manner in the pig as well. Luteinizing hormone and FSH receptors are 
present in the gonads as early as g28 in the pig, with levels peaking in males between g35 
and gS8 and then declining until birth [15]. Taken together, these results reinforce the 
hypothesis that a parallel development of the gonads, pituitary gonadotropes and the 
gonadotropic control systems occurs in the brain, as has been suggested previously [11,17]. 
Development of the hypothalamo-pituitary-gonadal axis is markedly accelerated in the 
Meishan pig, with onset of spermatogenesis at 9 weeks of age compared with 16 weeks in 
the Diuxx;, a domestic breed [13,35]. Breed differences exist in body sizei testis size, sperm 
per ejaculate and ejaculate volume [5]. During the first 50 days of postnatal development, 
circulating blood serum concentrations of LH are 5- to 6-fold greater in the Meishan boar 
compared with domestic breeds [2,35]. Serum LH levels peak at 3 weeks of age and 
decrease thereafter to onset of puberty, both in the Meishan and domestic breeds. Serum 
testosterone concentrations increase steadily from 1.0 ng/ml at birth to 8.0 ng/ml by onset 
of spermatogenesis at 9 weeks in Meishan boars whereas they remain at 1-2 ng/ml tintil 
puberty at 16 weeks in domestic boars. Of particular note is the 5-fold greater concentration 
of serum FSH in the Meishan compared with the Duroc [35], Serum FSH concentrations 
increase abruptly after castration in both breeds, with consistently greater hormone 
concentrations in the Meishan breed [72]. From the present study, it appears that the 
LHRH-containing systems are well established at birth, with no apparent differences in 
LHRH-ER correlating with the decline in serum UI levels at 3 weeks or the continual 
increase in serum testosterone levels. However, increases in NPY-IR were seen in the 
periventricular preoptic area, a site of cell bodies containing LHRH-IR, in the previous study 
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[48]. As fibers containing NPY-IR contact LHRH-immunoreactive neurons in the 
OVLT/preoptic area in the rat [68], these changes may relate to increased function of 
gonadotropic control systems during prepubertal development of the pig. 
Conclusions 
This smdy represents the first description of LHRH-IR in the postnatal male pig brain 
and the first study of LHRH-IR in the Meishan pig, a breed known for its superior 
reproductive characteristics. This study indicates that LHRH-IR is present in cells and fibers 
in the Meishan brain as early as g30 and in fibers in the median eminence as early as g50. 
These observations are both ten days earlier than previously reported for the domestic pig 
[11]. These results suggest a breed difference in the development of the LHRH systems, but 
further investigation will be required to confirm this hypothesis. The distribution and density 
of LHRH-IR is the brain is very similar fi:om gllO through pnSO suggesting that the 
pathways controlling reproductive hormone secretion mature prenatally in the pig, changing 
little throughout prepubertal development. The distribution and densi^  of LHRH-IR is also 
very similar to that reported previously for the sexually mature female domestic pig [29]. 
The distribution and development of LHRH-IR in the Meishan pig is similar to other species 
and this smdy confirms the olfactory origin and apparent migration of LHRH-containing cells 
into the porcine brain. 
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TABLE 1 
Number of sets of coronal sections of porcine brain collected and approximate interval of 
sections processed for immunohistochemistry 
AGE g30 gTO g90 gllO-pnl pnl0-pn50 
sets collected 2 4 6 12 18 18 
interval Otm) 20 60 100 270 405 765 
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TABLE 2 
Abbreviations of brain areas used in tables 
ac anterior commissure 
AH anterior hypothalamic area 
ARC arcuate nucleus 
BM basomedial amygdaloid nucleus 
BST bed nucleus, stria tenninalis 
Btel basal telencephalon 
cc corpus callosum 
CM centromedial thalamic nucleus 
DA dorsal hypothalamic area 
DBB diagonal band of Broca 
DLH dorsolateral hypothalamic area 
DM dorsomedial hypothalamic nucleus 
f fornix 
ICap internal capsule 
LH lateral hypothalamic area 
LPA lateral preoptic area 
LSD lateral septum, dorsal division 
LSV lateral septum, ventral division 
ME median eminence 
MeA medial amygdaloid nucleus 
mid midline, septal area 
MM mammillary area 
MnPO median preoptic nucleus 
MPA medial preoptic area 
MS medial septum 
NT terminal nerve 
oc optic chiasm 
opt optic tract 
OVLT organum vasculosum of the lamina 
terminalis 
PCo posterior cortical amygdaloid nucleus 
Pe periventricular hypothalamus 
PH posterior hypothalamus 
PV paraventricular thalamic nucleus 
PVN paraventricular hypothalamic nucleus 
PvPOA periventricular preoptic area 
Re reunhins thalamic nucleus 
SCN suprachiasmatic nucleus 
SFO subfornical organ 
SON supraoptic nucletis 
SuM supramammillary nucleus 
VMH ventromedial hypothalamic nucleus 
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TABLES 
Distribution of luteinizing hormone-releasing hormone-like immunoreactivity in the 
developing porcine brain: Cell Bodies 
AREA g30 g50 gTO m alio pnl pnlO pn20 pn50 
Telencephalon 
ac' NA  ^ - - +/- - - - - -
Btel + + NA NA NA NA NA NA NA NA 
DBB NA - - - + + + + + + -I- -h-l-
LSD NA -i- - -
MeA NA - - +/- - - - - -
mid + + + + + + -1- + + + + + + + + -I-
MS + + -1- + + + -t- + -1-
NT + + NA NA NA NA NA NA NA NA 
SFO NA - + + -I- + -1- + -1- -1-
Diencephalon 
AH - - - + -1- + + -1- -1-
ARC NA - - - +/- - +/- - +/-
DA - - - - +/- - - - -
LH - + -I- + + + + 4--I- -I- + + -I- + + 
LPA NA + -I- + + + + -1- + + + + + 
MnPO NA - + + + -I- + -1- + + + -I- -1- + + + 
MPA - -1- + -I- + -I- + + 4-4- -1-4- + + 
OVLT - -1- + + + + + -t-H- + + + + + -I- + + 
Pe NA - + -1- + + + -1- + 
PH NA - - - - +/- +/- - -
'-Abbreviations of brain areas can be found in table 2. ^-Symbols used in this table refer to 
the following: -, no cell bodies detected in area or nucleus studied; +, less than 10 cell 
bodies detected in area or nucleus; more than 10 cell bodies detected in area or 
nucleus; NA, area not applicable or not smdied. Due to immaturity of brain structures, 
many brain areas cannot be defined at §30 and are thus listed as NA. 
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TABLE 4 
Distribution of luteinizing hormone-releasing honnone-like inmiunoreactivity in developing 
porcine brain: Fibers 
AREA g30 g50 gTO g90 gllO pnl pnlO pn20 pn50 
Telencephalon 
BST' NA  ^ - - L L L L L L 
BTel L/M NA NA NA NA NA NA NA NA 
cc NA L L L 
DEB NA L M LM L/M L/M L/M UM L/M 
f NA - L L L L L L L 
LSD NA L L L L L L L L 
LSV NA - L L L L L L L 
MeA NA L L L - - - - -
mid L M M L/M L/M L/M L/M L/M UM 
MS L L/M L/M L L L L L L 
NT L NA NA NA NA NA NA NA NA 
opt - L/M L L 
PCo NA - L L L L L L L 
SFO NA - M M M M M M M 
Diencephalon 
AH - L L/M L/M L/H L/H L/H L/H UH 
ARC NA L L L L L/M L/M L/M UM 
CM NA - - L L - - - -
DA NA - - L L L L L L 
DUH NA L L L L L L L L 
DM NA -/L L L L L L L L 
ICap L -
LH - UU L/M L/M L/M L/M L/M UM L/M 
LPA NA L L/M UM L/M L/M L/M L/M UM 
ME NA L/M M M/H M/H M/H M/H M/H M/H 
MM NA - L L L L L L L 
MnPO NA - L/M L/M L/M LM L/M L/M UM 
MPA - L L/M L/M L/M UM L/M L/M UM 
oc - L L L L L L L L 
OVLT NA L M M M M/H M/H M/H M/H 
Pe NA - L L/M L/M L/M UM UM L/M 
PH - L L L L L L L L 
PV NA L L L L L L L L 
PVN NA - L L L L L L L 
175 
PvPOA NA - L LM IVM L/M L/M L/M L/M 
Re NA - - L L - - - -
SCN NA - - L L L L L L 
SON NA - - L L L L L L 
SuM NA L/M L L L L L L L 
VMH NA -/L L L L L L L L 
'-Abbreviations of brain areas can be found in Table 2. ^-Symbols used in the table refer 
to the following: no inununoreactivity detected; L, low density of immunoreactivity 
detected; M, medium density of immunoreactivity detected; H, high density of 
immunoreactivity detected; and NA, area not applicable or not smdied. Due to immaturity 
of brain structures, many brain areas cannot be defined at g30 and are thus listed as NA. 
Figure 1. Examples of luteinizing hormone-releasii^  hormone-like immunoreactivity in 
the porcine brain classified as being either a low, medium or high density of 
immunnsfainiTig 
Low 
Medium 
• 
ffigh 
Figure 2. Luteinizing hormone-releasing hormone-like immunoreactivity in the 
gestational day 30 pig brain. A-Immunoreactive cells and fibers at the base of the brain 
along the terminal nerve, coronal section. B-lmmunoreactive cells and fibers in the basal 
telencephalon arching toward the presumptive septal/preoptic area, sagittal section. The 
magnification bar indicates 50/xM and both photomicrographs are at the same 
magnification. The arrow indicates the medial portion of the photomicrograph in (A) and 
the caudal portion of the photomicrograph in (B). The arrowheads in (A) and (B) 
indicate the base of the brain. Abbreviation: vz-septal area, ventricular zone, gt-terminal 
ganglion. 
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figure 3. Luteinizing honnone-releasing hormone-like immunoreactivi^  in the organum 
vasculosum of the lamina terminalis of the developing male Meishan pig brain. A-
gestational day (g)SO, B-g70, C-g90 and D-postnatal day 1. The magmfication bar 
indicates 100/tM. All photomicrographs are at the same magnification and were taken 
from coronal sections. The line at the top of all photomicrographs indicates the midline 
of the brain and the asterisk (*) denotes a blood vessel. 

Figure 4. Luteinizing hormone-releasing hormone-like immunoreactivity in the ventral 
anterior hypothalamus of the developing pig brain, coronal section. A-gestational day 
(g)90, B-gllO. The magnification bar indicates 100/tM and both photomicrographs are 
at the same magnification. The midline is to the right of both photomicrographs. 
Abbreviation: oc-optic chiasm. 
/ • 
!  /  
/ '  
HguFe S. Luteinizing honnone-ieleasing hormone-like inununoreactivity in the median 
eminence of the developing pig brain. A-gestational day (g)50, B-g70, C-gllO. The 
magnification bars indicate SO/iM. The asterisk (*) indicates the third ventricle, the 
arrows indicate dense counterstain (non-immunoreactive) in the ependyma and/or 
pituitary and the arrowheads indicate light immunoreactive staining in the gSO median 
eminence. 
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GENERAL SUMMARY AND DISCUSSION 
General summary 
In the first study, we investigated the prepubertal ontogeny of NPY-IR in the male 
Meishan pig brain. Neuropeptide Y-IR in cell bodies and fibers is evident in many areas of 
the brain at g30, including the basal telencephalon, hypothalamus, mesencephalon, pons, and 
medulla. Throughout prenatal development, cell bodies containing NPY-IR generally 
increase in number and distribution in the brain. During postnatal development the number 
of cell bodies displaying NPY-IR decreases. The arcuate nucleus of the hypothalamus shows 
a dramatic reduction in the number of immunoreactive cell bodies between pnl (day of birth) 
and pi]20, just before weaning. This dramatic reduction in the number of immmunoreactive 
cell bodies in the arcuate nucleus may indicate a functional maturation of food intake control 
pathways. The distribution of NPY-IR in fibers becomes more widespread throughout 
gestational development, showing a pattern by gllO that was characteristic of postnatal ages. 
The intensity of NPY-IR in fibers also increases throughout gestation. Some additional 
increases in inamunoreactivity were observed postnatally, especially in the periventricular 
hypothalamus and the hippocampus. Other brain areas like the caudate nucleus and putamen 
showed decreases in immunoreactivity postnatally. These results showed that the distribution 
of NPY-IR in cell bodies and fibers is similar to that seen in other species, including the rat, 
and supports the hypothesis that NPY participates in controlling feeding, growth and 
reproduction in the pig. 
In the second smdy, the prepubertal ontogeny of GAL-IR in the male Meishan 
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brain was investigated. Galanin-IR in cell bodies and fibers was evident in the brain at 
g30, primarily in the hypothalamus. Throughout prenatal development cell bodies 
containing GAL-IR generally increased in number and distribution in the brain. During 
postnatal development, the number of cell bodies displaying GAL-IR decreased, 
particularly in hypothalamic areas, however less drastically than that seen for cell bodies 
displaying NPY-IR. The distribution of GAL-IR in fibers became more widespread 
throughout gestational development, showing a pattern by pnl that was consistent through 
postnatal ages. The intensity of GAL-IR in fibers also increased throughout gestation. 
Some additional increases in immunoreactivity occurred postnatally, especially in the 
periventricular hypothalamus. The results of this study indicate that the distribution of 
GAL-IR in cell bodies and fibers in the Meishan pig brain was similar to that seen in 
other species, including the rat. These results support the hypothesis that GAL also 
participates in the control of feeding, growth and reproduction in the pig. 
The third study investigated the prepubertal ontogeny of LHRH-IR in the 
telencephalon and diencephalon of the male Meishan pig brain. Luteinizing hormone-
releasing hormone-IR in cell bodies and fibers was detected at g30 entering the brain 
along the terminal nerve and in the septal region of the basal telencephalon. The number 
of immunoreactive cells increased at g50 and cells were localized primarily to the 
septum, OVLT, preoptic area and lateral hypothalamus, whereas immunoreactive fibers 
were present throughout the septum and hypothalamus and had reached the median 
eminence. The density and distribution of immunoreactive fibers increased by g70 and 
g90, but did not change dramatically from g90-pn50. These results mdicate that LHRH 
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may be present in the Meishan brain earlier during development and fibers containing 
LHRH-IR appear to reach the median eminence earlier than previously reported for the 
domestic pig. These results confirm the olfactory origin and apparent migration of 
LHRH cells in the pig and suggest a breed difference in the ontogeny of reproductive 
control systems in the pig. 
General discussion 
As mentioned previously, NPY and GAL were both originally identified fi-om porcine 
extracts in the early 1980's (Tatemoto et al., 1982; Tatemoto et al., 1983). The 
neuroanatomical localization and development of these peptides has been well smdied in 
other species, but not the pig. This is surprising, due to the central role these peptides play 
in the control of growth and reproduction. As the pig is a species predominantly utilized for 
human consumption, efficient growth, body characteristics and reproductive capacity are 
paramount to producers. The information presented in this dissertation represents the first 
comprehensive immunohistochemical studies investigating the localization and development 
of NPY and GAL in the pig brain and extend previous investigations into the development 
of LHRH-containing systems in the pig brain. These smdies utilize the Meishan pig, a 
Chinese breed known for its superior reproductive characteristics (Harayama et al., 1991; 
Anderson et al., 1993; Ford and Youngs, 1993; Youngs et al., 1993; Youngs et al., 1994; 
Dlamini et al., 1995), but slow growth and poor feed efficiency (Hays, 1980; Legault, 
1985), and detail the neuroanatomical distribution of these peptides, a necessity for future 
explorations into the control of reproduction, growth and food intake in this species. 
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In these studies, brains from male Meishan pigs from g30-pn50 were used to study 
the prepubertal development of NPY, GAL and LHRH. At g30, the Meishan pig brain has 
diffeFentiated to the five vesicle stage, the midbrain is large and flexed and the cerebellar 
swelling is detectable as in the domestic pig (Marrable, 1971). At this age, the Meishan pig 
brain is similar in shape and complexly to that of an embryonic day (E) 14 rat brain 
(Paxinos et al., 1994). At g50, the cortical surfaces are still smooth, but the cerebrum has 
enlarged considerably. Mature cortical laminae are not yet distinguishable, but the 
developing cortical layers are similar to that seen in the E19 rat. The overall development 
and shape of the g50 pig brain is very similar to that of the E19 rat (Paxinos et al., 1994). 
At g70, the cerebral cortex is corrugated and the six cortical laminae can be distinguished. 
The pig brain has assumed a more mature proportion by this stage in development 
(Marrable, 1971). By g90, the overall shape and proportion of the brain and the convolution 
of the cortex resembled that of the older animals in this study. However, brain tissue taken 
from g90 pigs was fragile in comparison to that of older animals. Brains from ages gllO-
pnSO differed apparently only in relative size. 
The first smdy investigated the immunohistochemical localization of NPY throughout 
prepubertal development in the male Meishan pig brain. Neuropeptide Y is a peptide 
involved in the control of food intake (Clark et al., 1984; Levine and Morley, 1984; Stanley 
and Leibowitz, 1984; Parrott et al., 1986), growth hormone secretion and gonadotropic 
hormone secretion (Kalra and Crowley, 1984; McDonald et al., 1985; Rettori et al., 1990; 
Kaka and Crowley, 1992; Catzeflis et al., 1993) and puberty onset (Sutton et al., 1988; 
Minami et al., 1990; Minami et al, 1992; Fraley and Kuenzel, 1993; Gruaz et al., 1993). 
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Neuropeptide Y-IR was detected throughout the brain of the developing Meishan pig at all 
ages studied from g30-pn50. Cell bodies containing NPY-ER generally increase in number 
and distribution in the brain throughout prenatal development. During postnatal 
development, the number of cell bodies displaying NPY-IR decreases. The arcuate nucleus 
of the hypothalamus, shows a dramatic reduction in the number of immimoreactive cell 
bodies between pnl and pn20, just before weaning. The distribution of NPY-IR in fibers 
becomes more widespread diroughout gestational development, showing a pattern by g 110 
that was characteristic of postnatal ages. The intensity of NPY-IR in fibers also increases 
throughout gestation. Some additional increases in immunoreactivity occur postoatally, 
especially in the periventricular hypothalamus and the hippocampus. Other brain areas like 
the caudate nucleus and putamen show decreases in immtmoreactivity postnatally. 
At g30, the earliest timepoint stodied, NPY-IR was widespread throughout the 
relatively immature brain. Cell bodies containing NPY-IR were observed in the forming 
hypothalamus and brainstem, two primary sources of NPY in the adult brain (Chronwall et 
al., 1985; DeQuidt and Emson, 1986). 
At g50, NPY-IR was more widespread throughout the brain. As the brain is more 
mature at this stage, NPY-IR in cells and fibers could be localized to discrete brain areas or 
nuclei. Cell bodies containing NPY-IR were detected in the ARC at this age. The ARC is 
a major source of NPY innervation of the ME and PVN in the adult animal (reviewed in 
Leibowitz, 1992) and these cells may play an important role in food intake regulation. 
Interestingly, NPY-IR was detected in the ME at this early age. Previous stodies in pig have 
shown that differentiation of portal capillaries in the ME is not complete until g70 (Danchin 
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and Dubois, 1982) and it is unlikely that pituitary secretion could be affected from the ME 
at this stage of development. 
The distribution of NPY-ER in the g70 brain is even more extensive and the density 
of inmumoreactivi^  increases dramatically at this stage as well, especially in the 
hypothalamus. The innervation of the ME by fibers containing NPY-IR was more extensive 
at this age also, coinciding with the observation that hypothalamic control of pituitary 
function matures between g60 and g80 in the pig (Bruhn et al., 1983). A further dramatic 
increase in NPY-IR distribution and density was observed at g90. Most notable was the 
increase in NPY-IR in the PVN. A previous smdy in the pig indicated that neurophysin 
immunoreactivity was detected in the developing supraoptic nucleus at g60, but was not seen 
in the PVN until g87 (Ellis and Watkins, 1975), suggesting that cells in this nucleus may not 
acquire 'mature' characteristics, such as the expression of neurosecretory peptides, until this 
age. Whether the dense innervation of this nucleus by fibers containing NPY-IR seen at g90 
in this study indicates a direct effect of NPY on the development of this nucleus or is merely 
coincidental is imknown. Further smdy will be required to ascertain the significance of this 
observation. 
A further increase in the distribution and density of NPY-IR is observed in several 
brain areas at gllO, just prior to birth, especially in the periventricular hypothalamic area 
and cerebral cortex. Other areas, such as the compact substantia nigra show a decline in 
immunoreactivity. The general pattern of immunoreactive staining in the brain is consistent 
from gll0-pn50, with increases or decreases in immunoFeactivity in specific areas. 
Decreases in immunoreactivity may be due to 'dilution' of NPY-IR in fibers resulting from 
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brain growth rather than a true decrease in immunoreactive fibers. Areas like the 
hippocanq>us and medial preoptic area which show an increase in immunoreactivi^  in the 
postnatal period may be undergoing developmental changes in structure or function. 
Immunoreactive content in the medial preoptic area increases until puberty in the female rat 
(Sutton et al., 1988) and may relate to the onset of puberty. It is unknown if a similar 
phenomena occurs in the pig, but is worthy of study, particularly in comparisons of the 
Meishan pig which undergoes precocial puberty in relation to American or European breeds 
(Harayama et al., 1991) 
A highly interesting result was the rapid decline in immunoreactive cell bodies in the 
ARC in the early postnatal period (pnl-pn20). A similar result has been reported in the rat 
as well (Woodhams et al., 1985; Kagotani et al., 1989), despite the relative differences in 
maturity of the animal at birth. A previous study in our laboratory indicated an increase in 
inmiunoreactive cholecystokinin levels as measured by RIA in the hypothalamus and 
brainstem of the Meishan between pnl and pn20 (Elmquist et al., 1993b) also. 
Cholecystokinin is another neuropeptide involved in the control of food intake (reviewed in 
Gibbs and Smith, 1991). Taken together these results suggest that this observation may relate 
to a functional maturation of food intake control pathways. However, it is also possible that 
cells in the ARC die, cease synthesis of this peptide, or that technical considerations are 
responsible for this decline in immunoreactive cell bodies. As the PVN is heavily innervated 
by NPY cells in the ARC (reviewed in Leibowitz, 1992), and no decline in immunoreactivity 
is detected at these ages, the possibility that NPY cells die or cease synthesis is unlikely. 
Immunoreactive cell bodies are detected in other brain areas in similar nimibers over this 
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dme period, suggesting that no general technical flaw is responsible for this observation. 
Reports of NPY-IR in ARC cell bodies in postnatal animals from smdies (Chronwall et al., 
1985; Smithetal., 1985; DeQuidt andEmson, 1986; Huetal., 1987; Sabatinoetal., 1987; 
Reuss et al., 1990) employing colchicine, an inhibitor of axonal transport (Cortes et al., 
1990), support the hypothesis that increased transport of this peptide from the cell bodies 
may be a plausible explanation for this observation. It is possible, however, that an 
unknown change in NPY synthesis or ARC cell characteristics may also be responsible for 
this observation. 
The overall development and distribution of NPY-IR in the pig brain is similar to that 
seen in other species and supports the hypothesis that NPY participates in the control of 
growth, reproduction and food intake in the pig brain. 
In the second smdy, we investigated the prepubertal development of GAL-IR in the 
male Meishan brain. As mentioned previously, GAL is involved in the control of food 
intake (Kyrkouli et al., 1986,1990), growth hormone secretion (Murakami et al., 1989) and 
gonadotropic hormone secretion (Lopez et al., 1991, 1993). As seen in the first study, 
GAL-IR in cells and fibers was detected in all ages from g30-pn50. Throughout prenatal 
development, cell bodies containing GAL-IR generally increased in number and distribution 
in the brain. During postnatal development, the number of cell bodies displaying GAL-IR 
decreased, particularly in hypothalamic areas. The distribution of GAL-IR in fibers became 
more widespread throughout gestational development, showing a pattern by pnl that 
contiaued during later postnatal ages. The intensity of GAL-IR in fibers also increased 
throughout gestation. Some additional increases in immunoreactiviQ  ^occurred postnatally. 
194 
especially in the periventricular hypothalamus. 
At g30, GAL-IR in cell bodies and fibers was detected in the brain, but was limited 
primarily to the developing hypothalamus. Galanin-IR was considerably less widespread 
throughout the brain at g30 than NPY-IR, suggesting that NPYergic systems may develop 
earlier than GALergic systems in the pig brain, but fiuther study on pigs at earlier 
gestational ages will be required to confirm this hypothesis. 
Increases in the distribution and density of GAL-IR were evident at g50 in the 
Meishan brain. Immimoreactive cell bodies were detected in the ARC at g50 and GAL-IR 
was evident in the ME, similar to that seen for NPY. Galanin-IR in cells and fibers was also 
observed for the first time in the braiostem at g50. A developmental stody of GAL in the 
Brazilian opossum in our laboratory suggested that brainstem GALergic systems may develop 
prior to hypodialamic ^ sterns (Ehnguist et al., 1992). The results of this smdy suggest that 
this is not the case in the pig. Further increases in immunoreactivity were observed in the 
g70, g90 and gllO prenatal pig brain, especially in telencephalic and diencephalic areas, 
reaching a characteristic pattern of immunoreactivity by pnl. Further increases in 
inmnmoreactivity were evident in the periventricular hypothalamus and periventricular 
preoptic area in the postnatal period. A decline in immunoreactive cell number in the ARC 
was also observed in this study in the early postnatal period (pnl and pnlO). However, a 
significant population of cell bodies containing GAL-IR were still observed at pn50. This 
observation further reinforces the possibility of a functional maturation of peptidergic 
pathways in the early postnatal period. The detection of immunoreactive ceil bodies at all 
ages in the ARC further argues against a technical reason for this observation. 
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The results of this study indicate that the distribution of GAL-IR in cell bodies and 
fibers in the Meishan pig brain was similar to that seen in other species, including the rat. 
These results support the hypothesis that GAL participates in the control of feeding, growth 
and reproduction in the pig. 
The early detection (g30) of NPY and GAL in the pig brain suggests a possible 
developmental role for these peptides. Other neuropeptides such as vasopressin, gastrin, 
bombesin and substance P have been shown to have trophic effects either in vitro or in vivo 
(reviewed in Zachary et al., 1987). Previous smdies in our laboratory have shown GAL-IR 
and GAL binding sites present as early as pnl in the Brazilian opossum (Ehnquist et al., 
1993a). There no reports detailing the ontogeny of NPY or GAL receptors in the brain 
of the pig. Thus, it is not known whether these binding sites are present in the pig brain at 
the timepoints that these peptides are detected by immunohistochemistiy. It is not known 
at this time whether GAL or NPY may be playing a role in the morphogenesis or fimctioning 
of the developing brain. Further studies using fimction-blocking antibodies or receptor 
antagonists may yield evidence supporting a fimctional role for these peptides during 
development. 
The third smdy investigated the prepubertal ontogeny of LHRH-ER. in the male 
Meishan pig brain. As mentioned previously, LEIRH is a decapeptide involved in the control 
of reproductive behaviors (Moss and McCann, 1973; Pfaff, 1973) and secretion of LH and 
FSH from the anterior pitoitary gland (reviewed in Jennes and Conn, 1994). As observed 
in the two previous studies, LHRH-IR was detected in cell bodies and fibers in all ages from 
g30-pn50. Luteinizing hormone-releasing hormone-IR in cell bodies and fibers was detected 
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at g30 in the olfactory epithelium, entering the brain via the terminal nerve and in the septal 
region of the basal telencephalon. This observation extends the results of previous smdies 
in the domestic pig (Danchin and Dubois, 1982) which did not detect LHRH-ER in cell 
bodies in the porcine brain until g40 and confirms the olfactoiy origin of LHRH cells in the 
pig, as seen in other species (Jennes and Stumpf, 1980; Schwanzel-Fukuda et al., 1981, 
1985, 1988; Schwanzel-Fukuda and Pfaff, 1989). 
The number of immimoreactive cells increased at g50 and cells were localized 
primarily to the septum, organum vasculosum of the lamina terminalis, preoptic area and 
lateral hypothalamiis, whereas immimoreactive fibers were present throughout the septum and 
hypothalamus and had reached the ME. Very few immunoreactive fibers are detected in the 
ME at this age and it is likely that these are 'pioneering' projections to the ME and may 
represent the first fibers innervating this structure. Fibers containing LHRH-IR were not 
seen until g60 in the previous study in the domestic pig. As mentioned previously, the portal 
capillaries have not differentiated by this stage of development (Danchin and Dubois, 1982), 
and it is unlikely that LHRH-IR released in the ME could affect pituitary secretion at this 
stage in development. The observation of cell bodies in the brain and fibers in the ME of 
the Meishan ten days prior to that observed in the domestic pig suggest a breed difference 
in the development of reproductive control systems. This hypothesis is attractive, as the 
Meishan undergoes puberty earlier than domestic pig breeds (Harayama et al., 1991). 
However, the previous study utilized paraffin-embedded tissue, which has subsequently been 
shown to decrease the amount of immunoreactive LHRH present (Joseph et al., 1981). 
Other factors including the timepoints of smdy chosen or the sensitivity of the respective 
•>?-' 
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immunohistochemical techniques may explain the differing results obtained. Further study 
directly comparing the developmental localization of LHRH-IR in the Meishan and domestic 
breeds should be conducted to clarify this issue. 
The density and distribution of immunoreactive fibers increased by g70 and g90, but 
did not change dramatically from g90-pnS0. This increase was particularly notable in the 
ME and again corresponds with the previous observation that hypothalamic control of 
pituitary function matures between g60 and g80 in the pig (Bruhn et al., 1983). These 
results indicate that LHRH-containing systems establish their neuroanatomical pathways 
during prenatal development and change litde throughout prepubertal development in the pig. 
As mentioned previously, both NPY and GAL are stimulatory to LHRH secretion 
(Sahu et al., 1987; Sahu et al., 1994). Neuropeptide Y-IR and GAL-IR was first detected 
in the ME at g50, the same timepoint that LHRH-IR was detected in the ME. This finding 
suggests a concurrent development of the systems controlling gonadotropic hormone secretion 
in the pig hypothalamo-hypophyseal system. As mentioned previously, NPY-IR, GAL-IR 
and LHRH-IR increases in the ME at g70 and g90. As hypothalamic control of pituitary 
fimction matures between g60 and g80 in the pig, with secretion mimicking that seen in the 
adult animal by gl05 (Bruhn et al., 1983), it is possible that these peptides may all affect 
pituitary secretion of LH and FSH at this early stage of development. 
Cells containing both LHRH-IR and GAL-IR are present in high proportion in the rat 
OVLT and diagonal band of Broca, particularly in the female (Merchenthaler et al., 1990, 
1991). Double-label immunohistochemistry for GAL and LHRH has yet to be performed 
in the Meishan pig, so it is not known if these peptides are colocalized in the pig. However, 
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cells containing GAL-IR or LHRH-ER are found in the preoptic area and hypothalamus, 
suggesting this possibility. To date there are no reports co-localizing NPY and GAL. 
Neuropeptide Y-IR and GAL-IR are seen separately in cell bodies of the ARC of the 
Meishan pig, but double-label inmiimohistochemistry has yet to be performed to investigate 
the possible co-localization of these peptides. 
In sunmiaiy, we have described the prepubertal ontogeny of neuropeptides controlling 
food intake, growth and reproduction in the male Meishan pig brain. The results contained 
in this dissertation provide the first comprehensive immunohistochemical and developmental 
descriptions of NPY- and GAL-containing systems in the porcine brain and extend the 
previous developmental descriptions of IJIRH-containing systems in the pig. The spatial and 
temporal localization of these peptides support their respective roles in controlling 
somatotropic and gonadotropic axes in the pig. These smdies provide a long overdue 
characterization of these systems in the pig brain, and it is hoped that these smdies will lay 
the foundation for future explorations into the mechanisms controlling food intake, growth 
and reproduction in the pig. 
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